The effect of maternal malnutrition in the rat on some aspects of morphology and metabolism in the progeny by McLeod, Katrine Iona
THE EFFECT OF MATERNAL MALNUTRITION IN THE RAT 
ON SOME ASPECTS OF 
MORPHOLOGY AND METAB.OLISM IN THE PROGENY 
Katrine Iona McLEOD 
A thesis submitted for the 
degree of Doctor of Philosophy 
in the Australian National University. 
January 1973 
The research reported in this thesis was undertaken in the Department 
of Clinical Science, John Curtin School of Medical Research, 
Australian National University. All the work was carried out by the 
author alone with the exception of measurements of delayed 
hypersensitivity reported in Chapter 6, which were carried out by 
Dr. F. Liew, formerly of the Department of Microbiology, John Curtin 
School of Medical Research. 
i 
ACKNOWLEDGEMENTS 
The author is indebted to Professor H. M. Whyte for the 
inception of this thesis and for his continuing interest. Thanks 
are also due to Dr. R. B. Goldrick and Dr. P. J. Nestel for their 
gu idanc e throughout the experimental stages and for constructive 
criticism of the manuscript. 
Financ ial support from the Commonwealth Scholarship and 
Fe llowship Plan and from the Australian National University is 
gratefully acknowledged. 
ii 
iii 
PREFACE 
This thesis is concerned with the effects of maternal protein 
or calorie deprivation in the rat on some aspects of morphology and 
metabolism in the progeny. The introductory chapter reviews the state 
. 
of knowledge concerning the maternal-foetal relationship and the 
effects of early malnutrition both in animals and man. Chapter 2 
deals with the effect of maternal protein and/or calorie restriction 
during gestation on parameters of litter size, body weight, cellular 
growth patterns of organs and body composition in 1st and 2nd 
generation progeny. Subsequent work was carried out on 1st generation 
offspring of protein-deficient dams. It became apparent that one of 
the major effects of protein deficiency in utero was a permanently 
reduced weight-for-age and in Chapter 3 (Part 1) an attanpt was 
made to establish the underlying mechanism of such stunting. 
Nitrogen balance studies, including estimations of feed efficiency, 
and plasma and urinary nitrogenous components, revealed an anomalous 
urinary nitrogen excretion in offspring of protein-deficient darns 
indicating abnormal protein rnetabolis~. In Chapter 3 (Part 2) this 
was further investigated by measuring the uptake of radioactive 
glycine into the proteins of liver and muscle and into adipose tissue 
lipid. 
The morphology studies revealed a unique effect of protein 
deficiency in utero on adipocyte cell size~ Since adipocyte metabolism 
appears to be related to adipocyte size and possibly vice versa, 
studies of lipogenesis in adipose tissue were carried out both in 
chow-fed progeny of protein-deficient dams and in progeny whose 
lipogenic mechanism had been stimulated by fructose feeding. Similar 
studies were carried out in the liver (Chapter 4 ). 
iv 
Chapter 5 deals with another aspect of lipid metabolism ir1 
these progeny, namely cholesterol turnover. Cholesterol turnover has 
been shown to be related to body weight and adiposity, two parameters 
which were severely affected in the offspring of protein-deficient 
dams. 
Chapter 6 deals with the effect of in utero protein deficiency 
on the innnune response in later life. An efficient immune response 
require s rapid protein synthesis for cellular hyperplasia and a 
normally functioning thymus, spleen and bone marrow. Evidence obtained 
earlier suggested that these parameters could be adversely affected by 
in utero protein deficiency . The widely documented interrelationship 
between malnutrition and infection further justified this section of 
the work. 
The final chapter discusses the findings of this thesis in 
relation to other work in the field, the applicability of animal 
research to the human situation and some of the mechanisms that may 
underlie the effect of maternal malnutrition on the progeny. 
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
2 
There are four major forces determining the development of an 
animal which must be controlled and synch ronised in orde r to obta in 
optimal growth. The first and probably the most important i s the 
plane of nutrition. Food requirements vary with activity and external 
temperature but, with adequate nutrition, animals usually regulate 
intake so that they ach ieve their genetic optimum. The second factor 
is the impetus to grow which in early life is a characteristic of 
nearly every cell. Later, the specialised hormones of the anterior 
pituitary and other endoc r ine glands are the major effectors. The 
relationship between such an impetus and the plane of nutrition is 
interdependent. The impetus may depend on the food intake and, in 
turn, the impetus may regulate the food requirement. The third major 
force is the size of the animal which controls metabolic rate, food 
intake, and other aspects of psychological and physiological 
development. (Lat et al., 1960; Widdowson & Mccance, 1960.) 
Finally, the age of the animal exerts an effect and, given adequate 
nutrition, each stage in development should correlate with a finit e 
chronological age. 
All the s e parameters are co-ordinated through the influence of 
the hypothalamus. Changes in nutrition disrupt the interaction 
through their effect on the weight-for-age of the animal and on the 
hypothalamic hormones and in particular the anterior pituitary 
hormones such as the growth hormone (Mulinos & Pomerantz, 1940 ; Mann, 
1960). 
The effect of protein or calorie deprivation on development 
differs according to the type and severity of the deficiency and more 
particularly to the stage in development at which the deficiency 
occurs. Probably the most important and persistent effects occur 
following deprivation during pre- and early post-natal life. Some 
of the long-term effects of such early nutritional deprivation are 
reported in this thesis. 
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1. THE MATERNAL-FOETAL RELATIONSHIP 
Ea rlier this century, research into the effect of early mal-
nutrition on subsequent growth and development was limited to the 
post - natal period. Little work was done on the effect of maternal 
ma l nutrition on the developing foetus and such work as was done 
produced conflicting evidence. The generally held view of the 
maternal-foetal relationship was that the foetus behaved as a parasite 
satisfying its nutritional requirements at the expense of the mother 
or host. Although this view is not entirely incorrect, the situation 
is now known to be more complex. 
Hammond (1944) made a useful suggestion when he applied to 
mo ther and foetus, considerations, previou sly p roposed by Child (1920), 
t o exp lain the distribution of nutrients entering the body . The 
d i stribu tion was postulated to be determined by the relative metabolic 
rates of the tissues concerned. Tissues or organs with the higher 
metabolic rates have priority of supply and obtain more than those 
with a lower rate. This does not explain how the different metabolic 
rates of tissues are determined but only indicates the overall balance 
onc e metabolism becomes stabilised. Hammond's views can be appreciated 
from Figure l.I. Those organs or tissues with the highest metabolic 
rates have been placed lowest to indicate their favoured position in 
the pool of available nutrient. When inflow is satisfactory, all 
organs and tissues receive nutrients suffici~nt for their metabolic 
needs and reserves may accrue in some. When inflow is less than out-
flow, some tissues suffer more than others. Figuratively, it may be 
supposed that when the level of nutrients in the maternal blood falls, 
some organs are no longer able to receive substrates for some of their 
metabolic processes. Others such as adipose tissue and muscle may 
even donate reserves to the common pool. However, even when the 
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Tissues Blood Tissues Tissues Blood Tissues 
~-T---• 
1 
----1 Fat 
-Bo-ne~~-------• I I •I Bane 
Fat ~ Fat 
Fat 
I Bane r--T--· 
I Muscle ~-------+ 
Bone 
Muscle r-------• Muscle 
I ~ Brain 
-----1 Liver 
Brain -~----
Brain -~----Brain 
Liver ~ .. ___ _ 
Liver r Liver 
Figure 1-1 Figure 1-11 
Figure 1-I. The foetus competes as a single metabolic unit 
against maternal tissues for nutrients. These are then shared 
between foetal tissues according to their metabolic activity. 
(Hammond's concept) 
Figure 1-II. Foetal tissues with their more active metabolism 
compete directly against maternal tissue for those metabolites 
whose transfer across the placenta is relatively free. 
(Barcroft's con cept) 
Tissues are shown to derive their nutrient from the blood at a 
level corresponding to their metabolic rate. Those with the 
highest metabolism are placed lowest and are at an advantage 
when the level of available nutrient falls. Some maternal 
tissues, such as fat, then give back nutrients , to the maternal 
blood. 
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intake is less than optimal, growth may still be possible in the 
central nervous system and in some other organs. It is probably correct 
to assume that, early in gestation, the foetus has an overall me tabolic 
rate almost as high as any of the maternal tissues. This declines as 
the pregnancy advances and then the outcome of competition between the 
foetus and the other important maternal tissues becomes less certain. 
The foetus is therefore most likely to suffer from a lowering of the 
level of maternal nutrition when this occurs during the latter part of 
p~egnancy. 
Hammond (1961) considered that the foetus and the placenta 
competed as a whole and that nutrients were apportioned according to 
the requirements of the individual tissues. As he pointed out, during 
the embryonic period, the trophoblastic cells, like cancer cells, have 
priority of nutrition over maternal tissues so that irrespective of 
the state of maternal nutrition, the foetus maintains a normal weight 
gain. One may suppose that the m~ternal-foetal transfer level in 
Figure l.I was so placed that the foetus would be able to draw off 
nutrient even ·ahead of the maternal brain and liver. During the later 
foetal period, and with the cessation of active placental growth, 
nutrition comes to depend more on the area of the placental attachment 
and on the level of maternal nutrition. Placental area is an important 
factor in multiple animal pregnancies. 
As Barcroft (1946) pointed out, it is probably necessary to 
consider the foetal tissues one by one, and to regard their metabolic 
rates at different periods of gestation as determining the outcome of 
competition with maternal tissues (Figure l.II). In man, where transfer 
is relatively free across the placenta, the level of nutrients in 
foetal and maternal blood must be very similar and this consideration 
holds true. However, with an increasing appreciation of the 
importance of selective transport across the placenta, as opposed to 
free diffusion, transfer of at least some constituents may dep end on 
placental activity and not on any free competition of organs in a 
common maternal-foetal pool. 
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These concepts are probably oversimplified. Nutrition and the 
growth of organs is not necessarily measured by their total metabolism. 
Growth may be limited by a relative deficiency of some essential 
substance as will be discussed later. Nevertheless, both Hammond's 
an~ Barcroft's postulates allow that general maternal malnutrition 
can affect foetal nutrition and consequently foetal growth and 
development. 
2. A REVIEW OF HUMAN STUDIES 
(a) The effect of maternal malnutrition on birth weight 
Studies on the effect of restricted food intake during pregnancy 
in humans have severe limitations and only three types of study have 
been attempted: 
(i) War and Famine Studies 
In World War I, many workers studied thousands of pregnancies 
in women with a wide range of nutritional deprivation. ·. Interest 
centred on birth weight and, surprisingly, these were found to be 
reduced only slightly below those prevailing in the same population 
under normal conditions. Furthermore, in rural areas, no significant 
reductions were found at all. These studies were extensively reviewed 
by Sanders in 1934. 
During the Second World War, further studies were carried out 
by Smith (1947), Antonov (1947), Duncan et al. (1952) and by members 
of the Department of Experimental Medicine at Cambridge (1951). Smith 
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found that generalised malnutrition of pregnant women during the 
1944-45 food shortage in Amsterdam resulted in decreased foetal length 
and a decline in overall birth rates. Still births and premature 
births did not increase to any degree. The period of malnutrition 
was of only 2-3 months' duration and the maximum effect was seen in 
offspring of mothers restricted d~ring the last trimester of pregnancy. 
The short duration of the deprivation may account for discrepancies 
between this report and that of Antonov carried out during the siege 
of Leningrad, which showed decreased birth weights and lengths, a 
doubling of the still birth rate and an increase to 40% in premature 
births. Offspring showed a lowered vitality and frequently a congenital 
softening of the skull bones. Morbidity rose to 30%, mortality of 
babies born at term to 10% and mortality of premature offspring to 
30%. However, the author emphasises that the women in this study were 
subjected to many severe stresses in addition to the nutritional one. 
Follow-up studies were no~ carried out by either Smith or Antonov 
probably because of lack of control data. 
The study by members of the Department of Experimental Medicine 
at Cambridge (1951) was carried out using data from the city of 
Wuppertal in Germany collected between the years 1937 and 1948. There 
was a slight decrease in birth weights in 1940. These then remained 
steady until 1945 when there was an abrupt fall to a level 185 grammes 
below that in'l937 to 1939. After this fall, there followed a steady 
rise until, in 1948, the pre-war level was reached. In Germany, the 
year 1945 wa,s one of chaotic living conditions and acute food shortage 
and the average weight of pregnant women was somewhat below that in 
normal times. In these studies, uncontrolled factors accompanying 
the food shortage cannot be ruled out as contributory causes of low 
birth weight. 
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The situation studied by Duncan et al. (1952) contrasts with 
those in Leningrad, Wuppertal and Holland but complements the results 
of these inadvertant experiments in food deprivation. In Britain, 
unlike most countries o f Western Europe, stillbirth and neonata l death 
rates fell abruptly during the war. There had been no sudden improve-
ment in prenatal care and, indeed, the causes of death which showed 
the greatest decrease were amongst the most difficult to influence by 
pre-natal care. A known factor which differentiated the pregnant 
women of Britain from those who had a less favourable war experience 
in other countries,was the provision of nourishing food to expectant 
mothers who were classified as priority cases. 
(ii) Maternal Dietary Surveys 
The war studies demonstrated that conditions of extreme maternal 
deprivation influence the outcome of human pregnancy, but they do 
not determine whether less extreme deprivation produces perceptible 
effects. 
Many attempts have been made to correlate everyday diet with 
the outcome of pregnancy but the results are not consistent. Birth 
weights as well as the weight and contents of the foetal liver have 
been related to maternal diet (Woodhill et al., 1955; Jeans et al., 
1955; Cameron & Graham, 1944; Burke et al., 1943; Smith et al., 
1953). However, other surveys have shown no significant relat_ionship 
(Thomson, 1958, 1959a, b; Sontag & Wines, 1947; Williams & Fralin, 
1942; Speert et al., 1951; Dieckman et al., 1951). 
Most of these studies were small in numbers, badly controlled 
and the selection of subjects was often biased. Histories were not 
always obtained or recorded independently of knowledge of the outcome 
of pregnancy and there were the usual difficulties of recording long-
term dietary histories. Both current and retrospective histories were 
---------------------
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employed and, in some cases, dietary histories were recorded after the 
birth of the infants (Cameron & Graham, 1944; Speert et al., 1951). 
Three studies, however, merit further consideration. In 
Nashville, from 1945 to 1949, Darby et al. (1953a, b) studied all 
2,300 pregnancies that presented at a given pre-natal clinic. 
Nutritional state was established clinically, biochemically and with 
the aid of a dietary history. Low birth weight was found in 5.6% of 
all cases and was associated with low maternal intake and low blood 
levels of Vitamin C. No other dietary or biochemical parameters 
correlated with low birth weight (McGanity et al., 1954). In the 
study by Thomson (1958) nutrition was assessed from weighed intakes 
of food over a week,t ogether with the observations of a dietitian and 
these estimates p roved to be valid and reliable. Calorie intake was 
found to be less in women of low social class, in . women of short 
stature and in mothers who gave birth to low-weight babies. This 
latter correlation, however, disappeared when a correction was made 
for maternal body weight. From his findings, Thomson concluded that 
the maternal body weight regulated both calorie intake and birth 
weight but that calorie intake had no effect per se on birth weight. 
In 1971, Naeye et al. studied organ and cellular growth in 
grouP3 of dead foetuses delivered in New York City. They bas_ed their 
work on the assumption that low socio~economic status was associated 
with undernutri tion. The foetuseswere classified as poor or non-poor 
on the basis of family size and weekly income and they were also 
classified according to race. In the poor group, the weight and length 
of the body and the weight of the brain, heart, liver, spleen, thymus, 
kidney and adrenal was significantly less than in the non-poor group. 
Amongst the organs, the thymus, spleen, liver and adrenal were 
particularly small. In infants of gestational age 20-29 weeks from 
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poo r families, the abdominal wall adipocvtes were smaller and there 
was less to al fat in the abdom · nal wall . The cells in liver, skeletal 
mus cle and in the foetal zone of the adrenal cortex were reduced in 
si ze. In infants of gestational age 30=42 weeks, the differences were 
n o t so marked but were still apparent . At both ages, the total number 
o f hepatocytes and foetal zone adrenal cortica l cells was similar in 
poo r and non=poor g oups . When he results were corrected for racial 
origin, the differences remained . The relative reductions in organ 
we i gh ts of undernou ri shed human foetuses o relates well with findings 
in ani mals hat will be discussed later . 
(iii) Experimental Studies 
Many of the d ietary survey studies produced negative results · but 
in such obs ervational studies there are various uncontrollable factors. 
By devel op ing an experimental model, these factors can, to a large 
e x t ent ~ be held constant . Ebbs et al . (1941) supplemented the diet 
during pregnancy of poorly nourished women of low socio - economic class 
in Tor ont o using their unsupplemented counterparts as controls. They 
foun d no observable differences in birth weight but mortality and 
morb i d i t y was higher in the infants of the unsupplemented group and 
the body weight of survivors in this group was lower at 6 months of 
a ge. Thus this study suggested that birth weight per se was not a 
good measure of the effects of intrauterine malnutrition in man. 
Other similar studies were carried out in Chicago (Dieckman et al., 
1944) and Philadelphia (Tompkin et al . , 1955). In the latter study, 
the number of newborn infants weighing less than 5.5 lbs. was not 
significantly affected by the maternal diet. However, when the 
marginally small babies weighing 5.1-5.5 lbs. with gestational age 
greater than 39 weeks were eliminated from the correlations, birth 
wei ghts from control mothers were significantly lower than birth 
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weights of babies from mothers whose diet was supplemented with protein 
and vitamins . 
Most human studies are complic ated by a lack of data concerning 
gestational lengt h . There is evidence to suggest that the ratio of 
the total foetal size to uterus size may be a factor in determining 
the onset of parturi tion (Mccance, 1962) . It is possible therefore, 
that the effect of maternal malnutrition on the growth of the foetus 
is masked by a delayed parturition . Evidence to support this concept 
using protein=deficient rats has been put forward by Caldwell and 
Churchill (1967). 
The nutrition of the mother is only one of the many factors 
affec ting foetal development and in many cases intrauterine growth-
retardation occurs in the absence of maternal malnutrition. This 
phenomenon was first recognised by McBurney (1947) and it became clear 
that at leas t one third of infants termed 0premature w were in fact 
born at erm (Gruenwald, 1966) . Only recently have investigators made 
the distinction between rue prematurity and intrauterine growth-
retarda ion (dysmaturity) . It is now clear that the sequelae of these 
two conditions differ markedly . A further point to consider in human 
studies of this kind is that growth retardation may be a consequence 
of congenital abnormalities frequently seen in dysmature infants. 
(b) The effect of malnutrition of the newborn on~ 
(i) Growth and Development 
Although the reports of the effect of human maternal nutrition 
on birth weights are conflicting , there is enough evidence to suggest 
that early post =natal malnutrition may affec t subsequent development 
of the child . Suppor for this conc ep is given by studies carried 
out in children malnourished during early post=natal life but 
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rehabilita ted in hospital. Most of the studies of such children are 
handicapped by a lack of information about the genetic potential of the 
children under observation and by the lack of data on the adequacy of 
the diet and the health=care received by the children in their home 
environment , following discharge from hospital o However j the results 
obtained unde r these circumstances in several ethnic groups (Baganda, 
Peruvian, Chilean, and South African coloureds) have shown that 
previously malnourished children do not at ain for several years , if 
at all, the weight, height, or bone age of children of the same ethnic 
background but highe r social class (MacWilliam & Dean, 1965 ; Kreuger, 
1969 ; Monckeberg, 1968 ; Suckling & Campbell ~ 1957 ; Graham, 1967). 
Garrow and Pike (1967) compared the growth of previously acutely 
malnourished Jamaican children with the growth of their siblings or 
relatives. However, they could find no deleterious effects of such 
malnutrition on subsequent development , It has since been suggested 
that the variation in results may be due to a differing response of 
the child to acute as opposed to chronic malnutrition, only long- term 
malnutrition being deleterious o In favour of this suggestion is the 
work of Ashworth (1969) who studies the growth rates of eight children 
recovering from protein=calorie malnutrition of long duration. 
Compensatory growth was rapid at the beginning but when the expected 
weight =for=height ratios were reached ~ food intake fell to 30% and 
growth rates fell to a level comparable to those of controls. Thus, if 
height =for=age was markedly low on admission to hospital for treatment, 
stunting would be present for several years at least o 
(ii) Metabolism and Function 
Some long=terrn metabolic and functional abnormalities due to 
early malnutrition have been demonstrated in man. Chow et al. (1968a) 
repo rted the resul ts of some preliminary nitrogen balance studies 
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carried out in 11 year old Formosan children of mothers who had 
received either adequate or generally deficient diets during 
pregnancy . The nutritionall deficient mo hers came from the lower 
social strata with lower incomes so it was possible that the children 
were marginally deficient in post =natal life as well as in utero. 
However, the body weights of the two groups of children were 
similar . Twos udies were carried out at five month intervals and 
it was found that children of deficient mothers excreted abnormally 
hi gh amo unts of nitrogen in their urine and their weight gain per 
gramme of food consumed was less . These findings correlate well with 
earlier findings by Chow in offspring of rat darns restricted to 50% 
of their normal intake during gestation and lactation. (Lee & Chow, 
1 9 65 .) 
Other functional abnormalities that have been shown to persist 
in malnourished children after rehabilitation include a diminished 
p eripheral uptake of glucose, low levels of plasma irnmunoreactive 
i nsulin and a lower response of insulin to intravenous glucose 
(James & Coore , 1970) . Again these findings support work carried out 
i n animals that will be discussed later . 
Arrnendares et ·al . (1971) have shown that the higher incidence 
of abnormal chromosomes seen in the bone=rnarrow of protein-calorie 
deficient children persists after rehabilitation . Seven children 
were studied one year after rehabilitation ; five had attained a 
. 
normal weight ~for - height but chromosome abnormalities were still 
higher than in a control group . 
Finally, despite the fact tha brain morphology in man is not 
as severely affected by early malnutrition when compared to other 
organs, much work has been reported wi h reference to the effect of 
such malnutrition on subsequent mental development and function. 
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The literature has been widely reviewed by Cravioto et al . (1966), 
Coursin (1967) and Frisch (1970), and extensive bibliographies 
accompany the papers in "Malnutrition, Learning and Behaviour" 
(Scrimshaw and Gordon, 1968). Although evidence exists of functional 
brain deficiencies in animals, the results in man are contradictory 
and inconclusive . As Dabbing (1968) pointed out 3 the period of fast 
growth of the human brain (when the brain is most vulnerable to 
environmental influences) is different to that of the animals usually 
employed in these types of studies (dogs and rats). 
3. A REVIEW OF ANIMAL STUDIES 
Because of the many difficulties associated with human research 
in this field, the great majority of work has been carried out in 
animals. Wi des pre ad r e port s o f t h e effect o f ne onatal malnutrition 
on later development in animals already existed when Jackson and 
Stewart reviewed this field in 1920 and reported their findings in 
newborn and weanling animals of various species. In general, it was 
found that nutritional deficiency imposed shortly after birth had 
permanent effects on subsequent growth whilst deprivation at a later 
stage had only a temporary effect which could be corrected by refeeding. 
The critical time at which the young animal ceased to be vulnerable to 
permanent impairment of growth appeared to be species specific but 
was not clearly defined . However ~ in most cases it occurred shortly 
after the end of the weaning period. Jackson and Stewart (1920) 
imposed a general nutritional stress on the neonate by removing pups 
from their dams for variable periods during weaning . The more recent 
studies of Kennedy (1957) and Widdowson and McCance (1960) used the 
technique originally devised by Castle in 1922, in which litter size 
was manipulated and pups weaned in unusually small or large litters. 
The competition in the large liters resulted in nutritional deprivation 
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although other fac ors such as psychological parameters had to be 
considered when assessing the results . The main conclusions from the 
two types of study were the same - that the earlier the inanition 
was imposed the ~ore marked were the residual effects. This would 
suggest that the foetus could be equally, or even mor~ vulnerable to 
nutritional stress than the neonate but the development of views 
concerning the foetal =maternal relationship was such that little work 
was done on the effects of generalised maternal malnutrition on the 
progeny until the 1960 8 s" The effects of spe~ific deficiencies on 
reproductive performance and on the occurrence of congenital 
abnormalities in the newborn were, however ~ given much attention 
during this time. 
(a) The Effect of Specific Maternal Nutritional Deficiencies on the 
Foetus 
Much of the work in this field has been extensively reviewed 
by Giroud (1968). Female rats on fat~deficient diets are usually 
sterile or their foetuses die. In 1930, Burr and Burr showed that 
this was due to lack of unsaturated fatty acids, particularly linoleic 
acid . These findings were confirmed by Evans et al. (1934), Maeder 
(1937) and Deuel et al. (1954). Martinet (1952) also observed 
localised haemorrhages in foetuses due to lack of linoleic acid. 
More recently ~ Alling et al . (1972) have shown _that low essential 
fatty acid diets in the mother rat result in offspring of low body 
weight with fatty acid patterns in adipose and liver triglycerides 
which reflect the fatty acid composition of the maternal diet. The 
influence of excess cholesterol has also been examined by Raulin 
(1957), who showed that, in rats, this did not modify the reproductive 
performance of the rats on an otherwise lipid~free diet, but if the 
diet contained nonsaturated lipids , reproduction was clearly 
disturbed, In 1967, Sisson and Plotz showed that there were several 
~----- ------------------~ ~ 
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alterations in the fatty acid composition of foetal plasma lipids from 
rabbit darns fed a peanut oil - cholesterol diet. Nearly half of these 
alterations correlated with alterations in the diet consumed by the 
mother, but the authors surmised that uncorrelated effects were 
probably due to indirect dietary~induced changes in foetal lipid 
metabolism, possibly occurring through multiple-step pathways. 
In 1935, Hale demonstrated that malformations in piglets were 
the result of maternal vitamin A deficiency and many workers have 
since confirmed this finding (Goodwin & Jennings, 1958 ; Palludan j 
1966). With a diet poor in thiamine (B1 ), Brown and Snodgrass (1965) 
noted a reduction in the number of litters but no malformation of pups 
in the rat ; Warkany and Schraffenberger (1944) established that a 
riboflavin deficient diet had a teratogenic effect in the rat. 
Deleterious effects on the foetus were also established with maternal 
deficiencies of nicotinic acid (Chamberlain & Nelson, 1963 ; Pinsky &Fraser 
1960) j pyridoxine (Ross & Pike, 1956)J folic acid (Hogan et al., 
1950) , pantothenic acid (Nelson & Evans, 1946), vitamin B12 
(Woodard & Newberne, 1966) j vitamin D (Warkany, 1943), vitamin E 
(Cheng et al., 1957) and choline (Meaderj 1965) . Recently, Kratzing 
and Perry (1971) reported that maternal choline deficiency resulted 
in offspring with significantly high blood pressure between the ages 
of 35 =38 days. However j the effect was temporary and it was suggested 
that protracted kidney development in such offspring eventually 
compensated for the hypertensive effect of the maternal choline 
deficiency . Newberne et al. (1970a) demonstrated that maternal 
choline deficiency together with methionine deficiency resulted in 
apparently normal offspring that were later found to exhibit smaller 
brain cells and irregularities in protein synthesis . They also showed 
a reduced immune response in later life (Newberne & Wilson, 1972). 
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As early as 1911 , Hart et al . showed that, in cows, immature 
and stillborn foetuses were the result of a diet poor in calcium and 
in 1938, Tufts and Greenburg reported that magnesium deficiency during 
lactation in the rat resulted in undersized offspring. This latter 
finding was supported by Wang et al. (1971) and by Zoumas and Barron 
(1969) j who also found changes in the lipid concentration in the 
brain . An iron-deficient diet maintained through several generations 
has been shown to induce progressively greater anaemia in the young 
rat (Alt, 1938) and deficiencies of other minerals in the maternal 
diet such as copper ( Innes , 1934 ), iodine (Hart & Steenbock, 1918), 
manganese (Hurley, 1968; Hurley et al., 1958, 1960) and zinc 
(Hurley & Swenerton, 1966) have been shown to have an adverse effect 
on the foetus. 
Thus specific maternal nutritional deficiencies can have major 
effects on foetal development. Studies where generalised maternal 
malnutrition is employed," often involve dietary depletion of the 
specific nutrients described above and this may account for , or 
contribute to, some of the effects attributed to calorie depletion. 
(b) The Effects of General Maternal Nutritional Deficiencies 
(i) The Morphology of the Progeny 
In 1961, Hammond, using the data of Wallace (1948) demonstrated 
the effect of the plane of nutrition of the ewe in the later part of 
pregnancy on the foetus. The weight gain of the whole foetus of the 
poorly nourished mother was less than 50% that of the normal but the 
brain and heart suffered less. Organs such as the thymus suffered 
more than the foetus as a whole (see Table l =I). Despite its high 
metabolic rate, the liver fares poorly but much of the metabolic 
requirement of the liver is for the production and elaboration of 
substances it does not itself retain . Again, some of its normal 
TABLE 1- I Growth of different parts of the sheep foetus as affected 
by the nutrition of the ewe from day 91 -144 of pregnancy. 
ORGANS % 
Brain and spinal cord 84.2 
Pancreas 59 .5 
Heart 57.2 
Alimentary system 56 . 3 
Skeleton 55 . 6 
Diaphragm 52 . 5 
Lungs 52 . 0 
Kidneys 50 . 6 
FOETUS 46. 7 
Flesh 43.4 
Spleen 25 . 6 
Heart thymus 23.2 
Neck thymus 20 0 9 
Liver 8 . 1 
Weight increment of the organs of the poorly nourished lambs are 
expressed as a percentage of hose of the well nourished lambs. 
(Hammond, 1961 ; from Wallace, 1948) 
weight gain is due to the accumulation of glycogen and thi s suffers 
in malnutrition o 
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In 1964, Chow and Lee reported, for the first time, the effects 
of in utero malnutrition on subsequent growth of the progeny. They 
found that restriction of maternal intake in the rat during gestation 
and lactation by as little as 25% resulted in permanent stunting of 
growth in the offspring. Similar effects were also observed when 
restriction was imposed during gestation alone but the effect was not 
as great (Blackwell et al., 1967). The amount and type of protein 
in the diet was shown to be a critical factor (Hseuh et al., 1967)0 
Stunting of growth of progeny from nutritionally deprived dams has 
also been demonstrated in mice (Dubos et al., 1968), cats (Simonson 
et al . , 1972) and pigs (Pond et al., 1969). 
In 1966, Venkatachalam and Ramanathan found that a protein~free 
diet fed during the firs~ or second week of gestation in the rat 
occasionally resulted in reproductive failure. If fed during the 
third and final week it caused a significant reduction in birth 
weights of progeny and a high . incidence of early postnatal death. 
High neonatal mortality and low birth weight were also observed in 
progeny of dams restricted in the second week but the results were 
less severe o Litter size was unaffected by the protein-free diet no 
matter in which week of gestation it was administered o The weaning 
weight of pups from all restricted dams was Bignificantly reduced 
below normal and post~weaning growth of male progeny was slow, 
particularly in pups from dams restricted in the third weeko Growth 
of female progeny ~ however, was unaffected until the 20th week post 
partum at which time these females were mated. In previously 
restricted females, pregnancy caused a weight loss whereas pregnant 
control females gained weight. The authors could put forward no 
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explanation for this f inding. 
In 1967 ~ Zeman confirmed the effect of mate rnal protein 
res tr i ction on the growth of progeny in the rat . She also found that 
live r and kidney weight s decreased in relationship to body weight in 
these progeny wherea s heart, brain and thymus increas ed. These findings 
do not t otal ly agree with those discussed earlie r i n the sheep. No 
congenital abnormalities were noted. Cross . foste ring _a birth to 
normally fed dams indica ted that lactation failu re in dams was the 
apparent c ause of death in pups suckled by protein ~defic ient dams. 
Protein deficiency in gestation alone resulted in increased mortality 
of pups and a decreased growth rate. 
In all the studies mentioned above, and in most early studies, 
growth was assessed by such Raram~ters as bcidy and organ weights and 
body length o In 1962, Enesco and Leblond developed a .method for 
calculating the number and size of cells which enabled detailed 
analyses t o be made of the cellular events underlying growth. Their 
method is based on the premise that DNA is almost entirely located 
within the nucleus of a cell and that diploid nucleii of any given 
species have a constant amount of DNA (Boivin, Vendrely & Vendrely 1 
1948 ). The number of nucleii, and hence cells, could be ca lculated 
using the formula: 
NUMBER OF NUCLEII (MILLIONS) = TOTAL ORGAN DNA (mg) x 10
3 
6 . 2 
where 6.2 is the number of µµg of DNA per single diploid rat nucleus . 
Cell size could be estimated from the formu la ~ 
WEIGHT (mµg . ) 
NUCLEUS 
= 
TOTAL ORGAN WEIGHT (g) x 103 
NUMBER OF NUCLEII (MILLIONS) 
The protein/DNA ratio can also be used to estimate cell size: 
CELL SIZE 
10 IA= J R-: A..~ PRO EIN mg.) 
TDTA ORGA.N: D_ A (mg.) 
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Enes co and Le -~~d emphasised that hese ca l c ulations were only valid 
for organs wi hone diploid nucleus per ell 9 but most organs meet 
this criterion, 
Despi e any inaccuracies that may occur in calculating actual 
cell number )) the concept tha . increased DNA content represents one 
aspect of growth (cell division) whilst increased protein or weight 
out of proportion o DNA increase represents another (cellular 
enlargement) seems val"d and is now widel used. 
In 1969 , Zeman and Stanb r ough showed that, in the growth= 
retarded foetuses of protein=deficient rats, carcass and organ DNA 
was reduced from day 20 of gestation . Total protein was decreased 
in the liver and carcass from day 16 and in other organs from day 20; 
and RNA was decreased in all organs from day 20. In the brain no 
effect was apparent . The weigh / DNA ratio in the liver of the newborn 
was increased but no differences were found in other organs; neither 
were there any differences in protein/DNA or RNA/DNA ratios. Thus 
the primary effect on the foetus was a dec reased cel l number which 
became apparent in he last four days of gestation. In 1970, Zeman 
extended these studies to the weaning period. She also looked at 
the effects of increased feeding during weaning on the cell size and 
number and body composition of offspring from protein-deficient dams. 
After birth, he offspring were suckled by non-deficient dams in 
litters of 8 until weanin& or in liters which were reduced to 4 
pups at 7 days of age. The litres were reduced in order to increase 
the plane of nutrition of the remaining pups . Young of protein= 
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deficient darns, suckled in litters of 8 , had significantly decreased 
organ weights, DNA, total protein and total RNA which persisted from 
birth but which did not become more severe o In litters reduced to 4 
pups , liver, kidney and heart increased in weight with relation to 
those in the large litters and the cells increased in size. There 
were ~ however ~ no significant differenc es in cell numbers in these 
organs between large and small litters o In the thymus, cell number 
was greater in the small litter pups but cell size was decreasedo In 
the brain, weight , DNA conten and c ell sizewereunaffected by 
manipulation of litter sizeo In 1971 ~ Allen and Zeman also showed 
that manipulating litter size had no effect on he decreased tibia 
length and thickness seen in offspring of protein=deficient darns o 
At birth, the newborn and weanling young of deficient mothers had the 
same body composition as controls but some differences were seen 
between small and large litter pupso 
Liga ion of the uterine artery i s another method that has been 
used for imposing a restr"ction on foetal nutri ion although it also 
affects such things as oxygen suppl o Studies using this technique 
have been undertaken both in rats (Wigglesworth 3 1964 ; Hohenauer & 
Oh, 1969 ; Oh & Guy, 1971) and in the rhesus monkey (Hill et alo, 
1971 ; Myers et alo, 1971)0 In the rat ~ ligation has been shown to 
result in growth retardation of the newborn associated with low liver 
· and carcass weights, protein and DNA; with high carcass water and low 
carcass fato Brain weight, cell number and cell size were not 
affected. In rhesus monkeys, uterine artery ligation on day 100 of 
gestation resulted in small offspring with greatly decreased spleen 
and liver weighs and moderately derreased brain and kidney weights. 
The DNA of he cerebellum was significantly reduced but cerebral DNA 
was normal as were total brain RNA, protein, water and protein/DNA 
ratios. In liver ~ otal DNA, RNA, p r otein and glycogen were reduced 
I' 
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but t he concentrations of hese substances and the protein/DNA ratios 
wer e normal o In muscle, howeve r. the protein/ DNA ratio was decreased o 
(ii) Me abolism and F nc tion of Progeny 
Because of the reduced grow h of offspring of nutritionally 
defic i ent dams, special interest has been attached to their metabolic 
efficiency o The problem of comparing such progeny with c ontrol s i s 
an extreme l y complicated one since any given comparison is in ge n era l 
asso c iated e ither with a difference in size or with a difference in 
age and , a s mentioned earlier , these two fa c tors are major forces i n 
determi ning the grow hand development of an animal o 
I t has been shown that offspr1.ng of rat darns re s tricted to 50% 
of the ir n o rmal food intake during both gestation and lactati on 
consume more food per unit body weigh , han progeny of control darns. 
Res tri ction of maternal diet during gesta ion or lactation alone doe s 
not h ave thi s affect (Lee & Chow ~ 1965 ; Hseuh et alo, 1970 ; 
Blackwel l et al o, 1967)0 Feed efficiency 9 as measured by increas e 
in body we igh per unit weight of food consumed is lower in progeny 
from rest ricted dams, whether he restriction is impose d during 
gestation , l acta ion or both, Hseuh et al. (1970) showed that thes e 
diffe r ence s were not a consequence of the smaller body weights of the 
age - ma tched p rogeny but it is possible .hat the abnormalities c ou ld 
be at tr ibute d , a least in par , to alterations in the rel a tive sizes 
of organs i n the se progeny. As mentioned earlier, bra i n growth i s 
less a ff ected in these animals than most organs but it als o has a 
r el a t i v ely higher metabolic rate than most tissues (Holliday et al., 
1967). Thus a disproportionately large brain will necessarily be 
asso c ia ted with a high oxygen consumption per unit body weight that 
wil l, in turn, lead to a h"gher feed requirement o 
In 1965 and 1968 Lee and Chow demonstrated that low feed 
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efficiency in progen of darns restr i cted to 50% of their normal food 
i ntak e in both gesta ion and lactat i on was associated with impairment 
of p rot e in abs orption and abnormally high urinary nitrogen excretion. 
They a ls o demonstrated an anomalous and excessive excretion of amino 
acids and in particular the f r ee basic amino acids when such progeny 
were f ed a low quality protein such as casein o When fed a better 
qualit y p rotein like egg albumin, these differences were not apparent. 
Other me tabo lic anomalies reported in such progeny are pro teinuria, 
. 
anaemia, reduced resistance to hypo hermia and reduced glucose 
tolerance (Lee & Chow, 1965 ; Chow & Lee, 1964 ; Chow et al., 19 67, 1969 ). 
I n 19 64, Chow and Lees owed that the stunting of growth in 
these p r o geny could be corrected by the adrn·nistration of p i t u itary 
extrac t o r growth hormone, providing hat this was given sho rtly 
af t er we aning and~ in 1971 Stephan et al. demonstrated that such 
animals had smaller pituitaries than control progeny with lower 
concentra tions of growth h'ormone, . I t was suggested that the lack of 
growth h o rmone could ac ount for many of the other metabolic 
abnormali t i es s een in these progeny (i . e . , inefficient uti l isation o f 
protein and g lucose intolerance). The authors also suggested t h at the 
hormon a l defic it may be secondary to an effect on the central nerv ous 
system poss ibl involving the hypothalamus and growth hormone releasing 
facto r. In 1972, these find·ngs were supported by the work of Shrader 
and Zeman who rep orted reduced synthesis of growth hormone, as measured 
by in vi tro incorporation studies using 14c =leucine, in offsp ring of 
protein =deficient ra s that had been fostered by control darns from birth. 
In 1969, Shrader and Zeman reported some findings in the tissues 
of n ewbo rn young of protein=deficient dams . They found that only young 
wi th birth weighs less than 75% that of c ontrols showed any morphological 
o r enzymati abnormalities in tissues . In these progeny, there were 
r e ductions of large multipolar neurones n both brain and spinal cord 
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and a reduced number of cells in the subsurface of t he cerebral cortex 
and in the granular and Pu r kinje cell layer s of the cerebellar cortex. 
Despite this, no gross defo r ma tie s of brain or spinal cord were 
observed. In the in estine, all segments cont ained fewer and less 
well-differentiated v i lli than in the c on rols and the enterocytes of 
the duodenum lac ked b r ush bo r de r s o No crypts of Lieberkuhn or 
Brunner 's gland anlagen were presento In he liver, no structural 
abnormalities were observed but hepatocytes were found to contain 
excessive amounts of fat o Decreased numbers of haemopoietic cells 
were found but those which were present appeared to be normal in type 
and location . In the pancreas , a c inar tissue was reduced but islet 
tissue was not seve r el affec t ed o Other morphological abnormalities 
were found in the submaxillary gland and the skin . Although no 
morphological changes were seen in brown fa t, paravertebral ganglia 
or thyroid, these o rgans did display alte r ed enzyme react ivity . A 
summary of abnormal enzyme pat erns in these newborn is given in 
Table l.rr. In general it was found that the organs in which the 
response to prena al p r otein deprivat i on involved alterations in cell 
morphology, also showed changes in enzyma ic activity which could be 
related to the abnormal cells . Tissues which showed retention of 
foetal patterns of enzymat i c a c ivity, on t he other hand, did not 
appear to be morphologically abnormal o A later study by Loh et al. 
(1971) in these animals, showed tha t t he morphological changes in 
the gut were asbociated with a decreased jejunal protein and fat 
uptake in newborn progeny . In neither of these studies was any 
attempt made to establish whether morphological or metabolic 
abnormalities persisted after a pe riod of refeeding. However j Hseuh 
and Chow (1968) have shown that some fun tions of the gut can be 
permanently affected by early malnu rit ion . Dams restricted to 50% 
of their no rmal intake during both gesta ion and lactation, produced 
! 
TABLE 1-II 
ORGAN 
Ac P'ase 
INTESTINE 
Duodenal epithelium + 
Jejuna! epithelium 0 
I leal epithelium 0 
LIVER 
Peripheral hepatocyte + 
Central hepato~yte + 
NERVOUS SYSTEM 
Paravertebral ganglia + 
Choroid plexus + 
PANCREAS 
Acinar cells + 
THYROID 
Peripheral follicles = 
Central follicles = 
BROWN FAT 
Cells 
+ DECREASED 
t INCREASED 
0 ABSENT 
TISSUE NOT REACTIVE 
UNCHANGED 
l 
The intensity of enzyme reactivity in some tissues of newborn young 
of protein-deficient rat dams (from Shrader & Zeman, 1969). 
ENZYME REACTIVITY 
G-6 DPN TPN NS 
Alk P'ase ATPase SDH MDH LDH PDH Diaph Diaph CYTOX MAO est. 
+ + + + + 0 + + 0 0 + 
0 0 0 + + 0 0 0 0 0 + 
0 0 0 0 0 0 0 0 0 0 0 
. + + + + + + + + 0 0 
. + + + + + + + + 
+ + + + + + + 0 0 0 
t + + + 0 + + 
t + 0 + • 0 + • 0 + 
t = + + + + + + 
t • + + + + + + 
t + + + + + + + + • 
Ac P'ase - Acid phosphatase DPN Diaph - DPN diaphorase 
Alk P'ase - Alkaline phosphatase TPN Diaph - TPN diaphorase 
ATPase - Adenosine triphosphatase CYTOX - Cytochrome oxidase 
SDH - Succinate dehydrogenase MAO - Monoamine oxidase 
MDH - Malic dehydrogenase NSest - Non specific esterase 
LDH - Lactic dehydrogenase LAP - Leucine amino peptidase 
G-6DPH - Glucose-6-phosphate )'GTP - 'f-glutamyl transpeptidase 
dehydrogenase 
y 
LAP GTP 
0 0 
0 0 
0 0 
0 
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progeny that secre ted smaller quant · ties of gastric juice at a higher 
pH than normal in adult 1·fe . O her evidence of long=term effects of 
early malnutrition on function wa s forwarded by Reddy (1972) who showed 
that low activities of Ca+t =ATPase ~ Mgi"+=ATPase 9 alkaline phosphatase 
and calciurn=binding protein found in the gut of rats rendered protein~ 
deficient in early life were not completely restored to normal by 
subsequent refeeding . However Roeder (1972) showed that low activities 
of total liver and kidney glucose =6=phosphatase and alkaline phosphatase 
and of renal phophoenolpyruvate car oxykinase found in the early life 
of progen from nut r itionall restr·c ed rat dams were related to the 
reduced cell numbers 1n hese organs o With refeeding of progeny, 
Roeder found tha he number of cells per organ began to approach that 
in controls and the deficits in otal enzymatic activities tended to 
be corrected . 
In 1971 ~ Dallman reported that rat pups reared in large litters 
(LL) had 50% of the body weight of those reared in small litters (SL) 
at the age of 19 days . However after weaning, LL weights rose rapidly 
and eventually approached SL values a The c oncentrations of microsomal 
protein, phospholipid, cytochrome b5 , cytochrome P450 and the activity 
of NADPH cytoch rome c reductase per unit weight of liver remained 
similar in SL and LL progen during weaning. After this time the 
concentrations ·n LL pups were increased so that total hepatic 
quantities or act' vities remained equal in the two groups even when 
a weight discrepancy exis ed . Mitochondrial protein and phospholipid 
as well as cytochrome c and a and c tochrome oxidase activity per unit 
weight rema ' ned the same in bo h groups at all ages. 
The kidney has beens udied in detail in newborn of protein-
deficien rat darns by Zeman (1968) and Hall and Zeman (1968). Once 
again, no studies were made on the refed adult progeny . Zeman found 
d 
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that the kidneys of protein=restricted newborn had fewer and less well 
differentiated glorneruli, a greater proportion of connective tissue 
and relatively fewer ollecting tubules . The proximal convoluted 
tubules were shorter and had fewer onvolutions . Although acid and 
alkaline phosphatase activities were reduced j no differences were 
found in ATPase ~ nonspecific esterase or leucine arninopeptidase. It 
would seem that maternal pro ein restriction res ulted in both 
immaturity in the development of the kidneys and in pathological 
changes symptomatic of p rotein deficiency . Later work on the 
functional c apacity of such kidneys in 0 =6 day old progeny revealed 
a marked reduction in fil ration rate and depressed urine excretion 
during both wat e r and osmotic diures·s. Thus the kidneys exhibited 
a reduced capacity to re spond to stress conditions and the authors 
suggested tha this ma relate to the morphological abnormalities 
seen in the glorneruli . These morphological abnormalities were 
present until at leas t day 14 pos parturn (Hall and Zeman, 1968) . 
In 1968 ~ Knittle and Hirsch studied both the cellularity and 
metabolism of epididyrnal adipose tissue in progeny of female rats 
that had been reared ·n large or small litters . Suckling in large 
litters resulted in permanently smaller and fewer adipocytes but the 
rate of glucose incorporation into co
2 
and triglycerides in vitro 
was found to be the same per adipocyte in both groups of pro geny. 
Thus, total tissue metabolism was affected by early malnutrition 
only through its effect on cell number . Further work in this area 
was reported by Knittle (1972) using rats weaned by normal, protein-
deficien t or alorie =deficient darns . Ma ernal calorie restrict ion 
during lactation alone produced transient effects on epididyrnal 
adipose tissue metabolism and cellularit whilst maternal protein 
restriction during la tation resulted in permanent changes in cell 
numbe r, size and to al tissue metabolism . Basal and epinephrine -
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stimulated release of glyce r ol per adipocyte was, however, similar in 
control and test progeny o 
The only other organ whose function has been studied in any 
detail in congenitally malnourished animals, is the brain. Zamenhof 
et al. (1968 ~ 1971a) showed that ma ernal protein restriction resulted 
in low cerebral weight, DNA and protein and they later showed that 
the se effects were apparent in a second generation of animals 
( Zamenhof et al " j 197lb) o Calorie deprivation alone was shown to 
have the same effects (Zamenhof et al a , 1971c). Similar results 
following maternal protein deficiency in gestation and/or lactation 
have been reported by Guthrie and Brown (1968), Chase et al. (1971), 
and Howard and Grano££ (1968) and following intrauterine artery 
l igation by Wigglesworth (1966) " Retarded mental and neuromotor 
d evelopment has also been reported following maternal dietary 
r e striction during gestation and la c tation (Chow & Lee, 1964) or 
du r i ng gestation alone (Simonson et al., 1969) 0 Heightened emotional 
behaviou r and decreased activity together with marked differences in 
t he res u lts of open field studies were seen in such animals (Simonson 
et al 
et al., 1971). Seitz (1954) and Barnes/1966) also demonstrated 
b ehavioural abnonnalities and learning disabilities in rats which 
were nutritionally restric ed in early postnatal life o 
d 
4 , SUMMARY 
In conclusion, generalised as well as specific maternal 
ma l nutrition can influence the outc ome of p egnancy in both humans 
and animals o In humans) severe earl y malnut r ition can affect birth 
weight and grow h but evidence pertai ning to the effect of milder 
de gre es of malnutrition is of en confl i cting . However, enough 
suggestive evidence exis s, and the p r oblem is of such importance 
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to justify fur her investiga ion . Va r ious animal studies have been 
undertak en which may i ndicate p r ofitable areas of human research. In 
many animal species, general maternal malnutrition in gestation and 
l ac t at ion, or in ges ation alone, exerts long=term effects on body 
wei gh t. In the rat ~ metabolic parameters such as efficiency of feed 
u t il ization, ni r ogen balance and growth hormone secretion are 
adve r s ely affectedo Protein deficienc y alone during gestation has 
similar effects on body w~ight and has also been shown to influence 
the activ ity o f various enzymes in neonatal organs and neonatal 
kidn e y f unction o Whether these latter effec s persist in the refed 
adul t p r ogeny is unknown but the existence of morphological abnormalities 
in t he adult offspring of protein=deficient dams as well as the 
pre sence of some metabolic defi c ienc ies in refed progeny of generally-
de fi cient dams, indicates that in ute r o protein deficiency may 
p ermanently affect the metabolism of t h e adult refed progeny. 
CHAPTER 2 
STUDIES ON GROWTH, BODY COMPOSITION AND ORGAN 
CELLULARITY IN FIRST AND SECOND GENERATION 
PROGENY OF MALNOURISHED RATS 
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1. INTRODUCTION 
Ma .ernal protein deficiency during gestation and lactation in 
the rat causes permanent stun ing of growth of the offspring which 
cannot be corrected by adequate nutrition instituted at weaning. On 
the other hand, calorie deficiency during gestation and lactation 
appears to have minimal effects on the subsequent development of the 
rat (Hseuh et al., 1967). The cellular events following protein 
deficiency in utero alone have not been studied in detail beyond the 
period of weaning. During this early period there appear to be fewer 
than normal numbers of cells, particularly in the brain and liver, but 
cell size, as determined by organ weight or protein to DNA ratios, 
appear to be normal (Zeman, 1970)0 The effects of malnutrition in 
utero on adult body composition have not been studied. 
The objectives of this investigation were firstly to determine 
the long term effects of protein deficiency in utero on the subsequent 
development of the offspring as defined by serial measurements of 
body composition and morphology of various organs from the perinatal 
period to the stage of sexual maturity. Secondly, to determine 
whether calorie deficiency exaggerated the effects of protein 
deficiency. Thirdly ~ to establish whether any somatic changes 
observed in the first generation progeny are transmissible to a 
second generation, and whether such transmission is enhanced by a 
further period of protein deficiency during gestation. 
These objectives have a bearing on the question of human 
development in so far as it is uncertain whether the short stature of 
such primitive people as New Guineans is primarily genetic or 
reflects the effects of many generat·ons of protein deficiency. 
These physical characteristics of New Guineans contrast with the 
secular increase in height observed in affluen countries (Bakwin & 
McLaughlin, 1966.). 
1 
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2. METHODS AND MATERIALS 
(a) First Generation Studies 
Virgin, female, Wistar rats of the John Curtin School strain 
weighing 160-170 grammes and aged 10 weeks, were fed one of four diets 
(Table 2-I). The control group was fed ad libitum on a diet adequate 
in all components. A pteliminary study had shown that rats bred and 
fed on this synthetic diet exhibited similar growth curves to rats 
fed on commercial chow (see Figure 2.I). The protein defi cient diet 
contained one third of the protein of the control diet but was made 
isocaloric to it by substituting sucrose for protein . The calorie-
deficient diet resembled the control diet but contained half as many 
calories. This diet was made to bulk with non-digestible cellulose. 
The protein=calorie-deficient diet provided half the calories and one 
third of the protein of the control diet . Experimental diets were 
pair fed with the control diet. Each experimental group was given 
the amount of its respective diet equivalent to ,that consumed by 
the controls the previous day. Diets were made up in bulk and stored 
0 
at 4 in sealed plastic containers for up to one week.~-
Females were housed in individual cages and fed their 
respective diets for two weeks. They were then mated with well = 
nourished 250 gramme males which were left in the cages until the 
appearance of vaginal plugs which were taken to indicate the first 
day of pregnancy. The males were removed and the females were kept 
on their diets throughout gestation . At parturition, the number and 
weights of pups were noted and all the mothers were fed the control 
diet ad libitum. The pups were also fed ad libitum on the control 
diet after weaning. 
Because of the possible effect of litter size on birth weight, 
only male pups from litters of seven or eight were used. Rats were 
d 
p 
C 
F 
D 
Constituent 
·otein (Casein) 
1rbohydrate (Sucrose) 
1t (Soybean oil) 
-L Methionine 
itamin mix* 
Lit mixt 
ellulose 
TABLE 2-I 
Percentage composition of maternal diets. 
Protein Calorie 
Control deficient deficient 
7o % % 
18 6 18 
72·5 84·65 20 
5 5 5 
0·23 0·08 0·23 
0·27 
4 
' 52·5 
Protein calorie 
deficient 
7o 
6 
33 
5 
0·08 
51 ·65 
* Vitamin mix: per 100 g diet: Thiamine HCl 2·2 mg; Riboflavin 2·2 mg; Nicotinic acid 9·9 
mg; B 6 HCl 2·2 mg; Calcium pantothenate 6·6 mg; Folic acid 198 µg; Biotin 44·0 µg; p-Amino 
benzoic acid 11 mg; Inositol 11 mg; B 12 3 · 0 µg; Choline Chloride, 165 mg; Vit. A 1982 I. U ., Vit.D, 
220 I. U; Vit.E. 11 I. U.; Menadione 4 · 95 mg. 
t Salt mix: per 100 g diet: CaC0 3 1 ·5266 g; CoC12 6H20 8·0 µg; CuS04, 5H20, 1 ·92 mg; 
FeS04, 7H20, 0·108 g; MgS04, 0·2292 g; MnS04, 2H20, 17·8 mg; Kl 3·16 mg; KH2P04, 
1 · 556 g; NaCl, O· 5572 g; ZnC12, 1 ·04 mg. . 
Manufacturers: Casein: Prime Lactic Casein, M. E. Cottee, Sydney. Soybean oil: Schemerol Edible 
Oil Co. Sucrose: A.1 Grade, Colonial Sugar Refinery, Sydney. Vitamins: Hoffman-La Roche Ltd. Sydney. 
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Figure 2-I Growth Curves of male and female rats fed 
either commercial laboratory chow (Table 3-I) or the 
experimental control diet (Table 2-I). 
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sacrificed at 3 , 6, 9 and 12 weeks either for measurement of body and 
organ weights and analysis of cell size and number in liver, kidney 
and heart or for carcass analyses . Other rats were sacrificed at 
4, 8, 12 and 16 weeks for morphologica l studies on adipose tissue . 
(b) Second Generation Studies 
Female offspring of dams rendered pro tein-deficient during 
gestation were fed the control diet ad libitum from weaning to the 
age of 10 weeks. They were then divided into two groups o One 
continued to receive the control diet ad libitum whilst the othe r was 
transferred to the protein deficient diet . These two groups will be 
referred to as second generation control and second generation protein= 
deficient. The second generation protein=deficient group was pair 
fed with a first generation protein- deficient group. The same mating 
and feeding procedures were carried out as with the first generation 
animals and similar morphological s t udies were done on the progeny 
of these groups. A control group was taken through the breeding 
cycle at the same time as the second generation animals to establish 
the presence of any minor seasonal or nutritional variation in growth o 
As body and organ weights of this group were not significantly different 
from the original controls a direct comparison of first and sec ond 
generation animals was made. 
(c) Analytical Techniques 
(i) Body Composition 
Animals were sacrificed by cervical dislocation. The total 
carcasses including the blood but with the intestinal contents 
removed were prepared for analysis using the Mickelsen method 
(Mickelsen & Anderson, 1959), as modified by Crews et al . (1969) 0 
The protein content of the depilated carcass was measured by the micro = 
1 
Kjeldahl method of Mackenzie and Wallace (1952). Water content was 
determined by drying a preweighed aliquot of homogenized carcass .o 
constant weight ; and the residue was used for ashing in a muffle= 
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0 furnace at 550~ Lipid was determined by the gravimetric method of 
Folch et al. (1957). 
(ii) Cell Sizing and Counting 
Samples of liver, kidney and heart were analysed within 24 
hours of sampling for DNA (Schneider , 1957) and protein Mackenzie & 
Wallace, 1952). Total cell number was derived from the total organ 
DNA values, assuming a content per cell of 6.2 µµg DNA (Boivin et al o, 
1948; Enesco & Leblond , 1962). 
An index of overall cell size was derived from the ratio of 
total protein to total DNA per organ . I t should be noted tha this 
index fails to take account of heterogeneity of the cellular components 
of various organs. Furthermore, it also assumes that all cells are 
diploid whereas polyploid cells do occur , particularly in the liver o 
(iii) Adipose Tissue 
The epididymal fat pads were excised in toto and their combined 
weight recorded. Isolated fat cells were prepared by incubating 
tissue of the right fat pad in a siliconised flask (Goldri~k, 1967a 
containing 3 ml of Krebs - Henseleit bicarbonate buffer, pH 7 o4 
1 (Umbreit et al., 1964), 6 mg collagenase and 60 mg bovine plasma 
albumin2 at 37° for one hour. The gas phase was 95% 0 2 - 5%C0 2 . An 
aliquot of the cell suspension was mounted on a siliconised mic r oscope 
slide under a siliconised cover glass supported by a thick layer of 
1. Collagenase Type B. Worthington Biochemical Corporation, 
Freehold, N.J., U.S . A. 
2. Bovine albumin powder (fraction V from bovine plasma). Armour and 
Company Ltd., Eastbourne, England . 
1 
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grease. The free fat cells, which appeared as clearly outlined c'rcles 
when viewed in the plane of maximal diameter were photographed on 
4 x 5 inch Ilford FP4 film, at a magnifi cation of x85.5 using a Zeiss 
photo-microscopy system. The magnification of the instrument was 
calibrated by photographing a standard scale. The negative photo = 
micrographs were used for estimating adipose cell diameter . This was 
measured using a Zeiss Particle Size Analyser TG Z3 which was programmed 
to measure in 48 categories of constant widths so providing a frequency 
distribution curve of cell diameter. The maximal diameters of a t 
least 200 cells from each rat were recorded. Adipose cell volume was 
calculated from the mean and the variance of the diamete r (Goldric k , 
1967b) and was expressed as micrograms of triolein o Cell number was 
calculated by dividing the total lipid content of the pad by the 
average lipid content per cell . Total lipid content for both pads 
was determined from the lipid content per unit weight of tissue 
determined by the carboxyl ester method (Skidmore and Entenman, 19 62) 
on the left fat pad. 
(d) Statistical Analysis 
The significance of the differences between groups was determined 
using Student's t-test (Croxton, 1953). 
3. RESULTS 
(a) Parameters of Litter Size 
The effects of maternal malnutrition on litter product ion, 
birth weights and mortality of pups are shown in Table 2oII . The 
length of gestation was 21~23 days and was unaffected by the materna l 
diet. First generation studies showed that protein deficiency had a 
marked effect on all the parameters measured . In particular, there 
was a threefold increase in mortality of pups in the weaning period o 
1 
TABLE 2-II 
Effects of maternal nutrition on fertility, and on viability and birth weights of offspring. 
Number of Weight of mothers Birth weight Mortality Number of pups 
Maternal diet pregnant at mating* Number of of pups*t of pups Fertilityt per litter* 
females (g) litters (g) (10) (%) 
Control 30 183 + 2· 1 30 6·84+0·051 3·2 100 10·2+0·22 
n = 280 
Protein ~deficient 30 175+ 1 ·6 22 5 ·01 +0·052§ 10·5 73 7·3+0·18§ 
n = 142 
Calorie deficient 30 179 + 3 · 1 28 5 · 64+0·053 § 7 · 1 93 8·0+0·13§ 
n = 210 
Protein-calorie deficient 30 174+2·8 20 4 · 51 + 0 · 048 § 8·5 66 6·0+0· 13§ 
n = 117 
2nd generation control 30 171+2·1§ 24 ' 5 · 63 +0·053 § 4·0 80 8 · 1 + 0·25§ 
n = 176 
2nd generation 10 167 + 1 · 711 15 4 · 13 + 0 · 332 11 19·7 50 6·8+0·12 
protein deficient n = 76 
* Mean + 1 SEM. 
t Birth weights include all pups born. 
t Fertility was a measure of pregnancies brought to term as a function of numbers of conceptions-as judged by the presence of vaginal plugs. 
§ Significantly different from l~t generation controls, p <0·001. . 
II Significantly different from 1st generation protein deficient group, p <0·001. 
-..:-... 
, 
TABLE 2-III 
Body and organ weights of progeny (1 ). 
Age Body weight Liver Kidney Heart Left epididymal Lung 
weeks (g) g wet weight g wet weight g wet weight fat pad g wet weight 
I g wet weight 
FIRST GENERATION STUDIES 
3 35±0·71 l ·53±0·02 0·41 ±0·01 0·44±0 ·01 0· 11 ±0·01 0·45±0·07 
Control 6 103±2 ·0 4 ·21 ±0·03 1 ·02±0·02 0 ·5 1 ±0·04 0·41 ±0·02 0·92±0·02 
9 218±2·7 7 ·81 ±0·03 1 ·93±0·01 0·72+0 ·02 1 ·69±0·04 1 · 16± 0·05 
12 279± 3 ·2 11 ·21 ±0· 13 2·75±0·02 0 ·91 ±0·05 2·62±0·08 1 ·62±0·07 
3 29±0·70* 1 · 10±0·02* 0 ·32±0 ·01 * O· 31 ± 0 ·01 * 0·07 ±O·Olt 0 ·35±0·0lt 
Protein 6 84±0 ·80~ 2·31±0·01* 0·78±0·01 * 0·36 ±0· 01 f O· 32±0·01 t 0·63 ±0·08t 
deficient 9 169± 1 · 3* 4·42±0·03* 1 ·23 ±0·01 * 0·57±0·02* 1 · 18±0·02* 0·93±0·07! 
12 213±3·3* 7 ·91 ±0·08* 1 ·96±0·02* 0 ·71 ±0·02t 1 ·70±0·05* 1 ·03±0·05* 
3 34±0·72 1 ·32±0·02* 0·40±0·01 O· 39±0·01 t 0 ·09±0·01 0·43±0 ·01 
Calone 6 101 ±3· l 4·09±0 ·03t 0 ·89±0·01 * 0·47±0·04 O· 34±0·0lt 0·88±0·02 
deficient 9 207±2 ·2t 7 · 63'± 0 · 03 t l ·69±0·02* 0·68±0 ·03 1 · 57 ±0·03 1·13± 0 ·04 
12 261 ±3·9t 10·91 ±0· 12 2 ·52±0·02* 0·85±0·02 2·45±0 ·08 1 · 59± 0·06 
Protein 3 27 ±0·8* 1·01±0·01* O· 31 ±0·003* 0 ·28±0·01 * 0·07 ±O·Olt 0 ·31 ± 0 ·01* 
calorie 6 80±0·7* 2·36±0·01 * 0·73 ± 0 ·01 * 0 ·35±0·01 t 0·35±0·0lt 0·65±0 ·07t 
deficient 9 156± 1 ·3* 4·42±0·02* 1 ·02±0·01 * 0·56±0·02* 0·93±0·02* 0·92±0·08t 
12 209±2·9* 7·76±0·03* l ·87±0 ·02* 0 ·71 ±0·02t 1 ·75±0·04* 0·97±0·08* 
SECOND GENERATION S)'UDIES 
3 30±0·63* 1 ·23±0·02* 0·42±0·01 0·37±0·0lt 0· 10±0·01 0·45±0·03 
Control 6 98± l ·9 4 · 12±0·02t 0·87 ±0·03* 0·49±0 ·01 0·37±0·01 0·91 ±0·02 
9 201 ±2·5* 7 ·26±0·03t 1 ·73 ±0·02* 0·62±0·02 1 ·68 ±0 ·03 l ·03 ±0·02t 
12 270±3·0 10·05±0· 12* 2 ·36±0·03* 0·87±0·03 2·63±0 ·07 1 ·57 ±0·08 
3 26±0·8§ 1 ·05 ±0·01 0·29±0·01 0 ·27±0 ·005 11 0·09±0 ·01 O· 34±0·01 
Protein 6 81 ±0·9§ 2·32±0·03 0·74±0·01§ 0 ·31 ±0·0111 0·31 +0·01 11 0·62±0·09 
deficient 9 162± l ·211 4·46±0·03 1·01±0·01,-f O· 54±0·01 0·97 +0·02,r 0·89+0·08 
1 ·30±0·04§ I 0·97±0·06 12 208±3 · 1 7 · 61 ± 0 · 09§ . 1 ·83±0·0311 
(l)The data are given as the Mean ± 1 SEM derived from 12 rats. 
• Significantly different from 1st generation controls P < 0 ·001. 
t Significantly different from 1st generation controls P < 0·01. 
t Significantly different from 1st generation controls P < 0·05. 
0·68±0·02 
§ Significantly different from 1st generation protein deficient group P < 0 · 05. 
II Significantly different from 1st generation protein deficient group P < 0·01. 
,r Significantly different from 1st generation protein deficient group P < 0·001. 
, 
Spleen G-I tract 
g wet weight g wet weight 
0· 15±0·01 1 ·81 ±0·02 
0 ·69± 0·05 4·02 ± 0 · 19 
0 ·82±0·06 11 · 33 ±0·46 
1 ·23± 0 ·07 14·29±0·28 
O·ll ± O·Olt 1 · 54±0·01 * 
0 ·26± 0 ·02* 3·32±0·09t 
0·57 ±0· 02 t 6·91 ± 0 ·21 * 
1 ·03 ± 0 ·0lt 11 ·42±0·32* 
0· 13±0·01 1 ·41 ±0·02* 
0 ·57 ± 0 ·06 5 ·06±0 · 17 
0 ·76 ± 0·66 10 ·29±0·31 
1 · 12±0 ·08 13 · 12 ± 0 · 23 t 
0 · 13±0·01 l ·42±0·02* 
0·32±0·01 * 3 ·36 ± 0 · 12t 
0 ·56±0·01 t 7 ·67 ±0·29* 
1 ·02±0·02t 11 ·92± 0·24* 
0·15±0 ·01 1·7 l ± O·Olt 
0 ·67 ± 0 ·05 3 ·92 ± 0 · 15 
0·79±0 ·04 10 ·81 ±0·39 
1 · 13±0 ·08 13 · 20± O· 38t 
0·09±0 ·01§ 1 · 01 ± 0 · 02 ,r 
0·23 ± 0 ·02 3 · 32 ± 0 ·07 
0·56±0·03 6·71 ±0 ·21 
1 ·02±0·02 10·78±0 ·35 
TABLE 2-IV 
Cell numbers and sizes in progeny. 
Liver (1) Kidney (1) I Heart (1) Age 
weeks Total cell Cell size Total cell Cell size Total cell 
number x 108 g protein/ number x 108 g protein/ number x 108 
mg DNA/6-2 µµg gDNA mg DNA/6·2 µµ,g gDNA mg DNA/6·2 µµg 
FIRST GENERATION STUDIES 
3 13 ·21 ± 0 ·27 41 ± 3 · 3 11·10±0·71 18±1 ·1 4·92±0· 12 
Control 6 33·90±0·33 63±2·9 14·36±0· 17 25 ± l · 3 5 ·01±0 · 18 
9 39 ·20±0·31 101 ±4·4 14·65 ±0 ·20 40± l ·6 5 ·06±0 · 16 
12 39· 89 ± 0·49 110±3·1 14·62±0· 16 51±1·8 5·04±0·10 
3 9·50±0· 18* 42±2 ·7 9·21 ±0· 14* 21±1·2 3·71 ±0·07* 
Protein 6 22 · 30± 0·25t 53 ± 3 · l 9·81 ±0· 16* 23± 1 ·4. 3 ·92±0·08* 
deficient 9 23 · 10 ± 0 · 25 * 102± 3 ·2 9·72±0· 15* 41±1·2 3 ·90 ±0· 10* 
12 23 ·27 ±0·27* 108 ± 3 ·7 9·91 ±0· 13* 53±2 ·0 3 ·93 ±0 ·08* 
3 1 1 · 07 ± 0 · 1 7 * 43±2 ·6 10·81 ±0· 14 20± 1 · 1 4·89±0 · 12 
Calorie 6 32 · 87 ± 0 · 21 + 57 ±2·7 13·10±0·16* 23 ± l · l 4·79±0·07 
deficient 9 35· 10±0·32* 101±3·6 12·95±0· 17* 42± l •3 5·01 ±0·06 
12 35·62±0-47* 109±4·4 13·36±0·13* 50± l ·9 4·98±0·06 
Protein 3 9·42±0·22* 41±1 ·6 8·92±0· 19* 19±1·2 3 ·88 ±0· 13* 
calorie 6 20·06±0·25* 53 ±2·3 9·70±0 · 17* 23± 1 ·6 3 ·82± 0· 15* 
deficient 9 20· 19±0 ·27* 103 ±2·7 9·60±0·20* 42± 1 ·5 3 ·79±0·08* 
12 20· 10±0·23* 110±3 · 1 9·79±0· 13* 53 ± 1 ·7 3·89±0·09* 
SECOND GENERATION STUDIES 
3 12·87±0·21 43±2· l 9·89±0·21 t I 15±1·3 
Control 6 29 · 18 ± 0 · 31 t 61 ± 1 · 3 14· 10±0· 18 26± 1 ·2 
9 38· 17±0·32t 106±2· l 13 · 70±0· 17t 41±1·7 
12 39·21 ±0·43 105±2 ·5 14 · 27 ±0· 19 53 ± l ·6 
3 9·25±0· 17 42±2·6 7·76±0· 15§ 20± l · l 
Protein 6 22· 12±0 ·25 57 ± 3 · 1 9·25 ±0· 18§ 24± 1 ·3 
deficient 9 20 · 07 ± 0 · 31 § 103± 3 ·2 9· 33 ±0· 16§ 43± 1 ·2 
12 21 · 11 ± 0 · 23§ 100± l ·9 9·60±0 · 18§ 54± 1 · 3 
(1) The data are given as the mean ± 1 SEM derived from 12 rats. 
• Significantly different from 1st generation controls, p < 0·001. 
t Significantly different from l st generation controls, p < 0·01. 
+ Significantly different from .1st generation controls, p < 0·05. 
§ Significantly different from 1st generation protein deficient group, p < 0·01. 
4·22±0· l 1 
4·29±0 · 13:j: 
4·25 ±0· 17t 
4·22±0· 16t 
2·43 ±0·08§ 
3 ·76± 0·07§ 
3 · 81 ± 0·03§ 
3 ·88±0·08§ 
Cell size 
g protein/ 
gDNA 
20± 1 ·7 
25 ± l · 8 
30± l ·7 
46± 2·0 
22± l ·8 
24± l ·2 
31±1·3 
43 ± 1 · 8 
20± l ·7 
23 ± l ·6 
30± l ·3 
44±2·0 
22±0·9 
26± l ·2 
31 ± 1 ·4 
44± 1 ·8 
18±1·3 
23 ± l ·6 
31±1·6 
43±2·0 
20± l ·3 
23 ± 1 · 5 
32± 1 ·6 
44±1·8 
, 
Epididymal fat pads 
Age 
weeks Total cell Cell diameter 
number x 106 µ 
4 4 ·7± 0 ·23 53 ·7 ± l · 35 
8 7·0±1·31 67·4±0·92 
12 9 · l ± l ·07 84·5 ±2· 12 
16 11·7±1·18 87 ·3 ± l ·92 
4 2· 1 ±0·08* 50· 5 ± 0 ·98:j: 
8 1 ·8 ±0·29* 62·0± l ·54:j: 
12 5 ·8±0·87* 72 ·0 ± l ·55* 
16 6· 1 ± 0·20* 78·2 ± 1 ·81 t 
4 4·0±0 ·32 55 ·9 ± 0·98 
8 6·2±0·90 65 ·9± 1 ·20 
12 8·3±0·01 79·0 ± l ·39 
16 10·8± l ·31 83 ·0± 1 ·21 
, 
3 
(1) 
7o 
Fat 6·2+0·2 
Water 71 ·7~ 2·8 
Control Protein 19·1+0·7 
Ash 3·0+0·3 
Fat 6·4+0·3 
Protein Water 69· 5 + 3 ·2 
deficient Protein 20·4+0·8 
Ash 3·6+0·3 
Fat 7·8+0·4 
Calorie Water 69 · 5 + 4 ·9 
deficient Protein 19·6+0·7 
Ash 3·1+0·1 
Fat 6·4+0·2 
Protein- Water 71·7+3·6 
calorie Protein 19·2+0·7 
deficient Ash 2·7+0·4 
(1) Mean + S.E.M., n = 12. 
TABLE 2-V 
Carcass composition. 
Age (weeks) 
6 9 
(1) (1) 
9·7+0·3 9·2+0·5 
70·0+ 3 · 1 70· 1 + 2 ·9 
16·2+0·7 17·2+0·7 
4·1+0 ·3 3·5+0·3 
10·9+0·4 10·3+0·3 
69 · 8 + 3 · 2 70 · 2 + 4 · 1 
15·2+0·5 15·9+0·6 
4·1+0·3 3·6+0·4 
' 
10·1+0·3 10·2+0·3 
69·9+2·9 69·6+ 3 ·6 
16·0+0·8 16·5+0·6 
4·0+0·5 3·7+0·5 
10·0+0·3 10·7+0·4 
70· 6+ 3 · 1 70·2+2·9 
15·5+0·7 16·0+0·6 
3·9+0·3 3·1+0·2 
, 
12 
(1) 
9·3+0·4 
70·0+ 3 · 1 
17·5+0·8 
3·2+0·2 
9·3+0·3 
70· 1 + 2 · 7 
17·3+0·7 
3·2+0·3 
9·2+0·3 
69 ·9 + 3 · 1 
17·7+0·7 
3·2+0·2 
9·1+0·4 
70· 1 + 3 · 6 
17·6+0·6 
3·2+0·3 
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About 10% of the deaths i n the protein=deficient g r oup were due to 
cannibalism by mothers . Ot h e r deaths were p r ob ably due to inabi l i ty 
1 
of smaller rats to suckle properly . The ef fe c ts o f ca lorie 
deficiency were similar but not as promin ent as t he effects of pro t ein 
deficiency . The number of litters p r oduc ed by the calorie - deficien t 
groups was little affected. The greatest e ffect s on litter produ t i on, 
birth weights, litter size and fertili ty we r e seen in the p otein= 
calorie deficient group. However, mo r tality in thi s gr oup was not as 
high as might be expected from the finding in the p r o t e in-defi c ient 
group. 
Second generation studies showed tha t the e ffe ct s o f protein 
deficiency in utero could to some e x tent by r an srnit t e d to a se c ond 
generation. Females who had been p r o t ein=deficien t in utero bu 
normally fed up to the age of 10 weeks and throughou t their own 
gestational period showed an 80% fert ility compared to the c orr espon d i ng 
first generation group. Likewise those fema le s p rotein-deficien t 
in utero who had been fed normally unti l 1 0 weeks o f age and then 
transferred to the protein- deficient di e t had on l y 50% fertili ty as 
opposed to the 73 % fertility of first generation p r otein-deficient 
darns. Birth weights of pups in both second generation group s were 
significantly lower than those of the r espective first generation,but 
only in the second generation control group was there any decrease in 
litter size. Mortality of pups was also high er in the sec ond gene ration, 
particularly in the second generation p r otein-def i cient group whe r e 
mortality increased two- fold . 
(b) Total Body and Organ Weights 
Table 2~III shows body and organ weight s o f progeny f r om fi r s t 
1. This is indicated by the fact tha t transfer of pups to norrnal l fed 
darns at birth did no t a ffect rno rtali y r ate . 
d 
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and second generation studies. In he first genera ion, protein 
deficiency caused stunting of growth -up to the age of 12 weeks , The 
percentage difference in body weight between this group and the 
controls became somewhat greater with age suggesting that stunting 
of growth was permanent. Calorie deficiency signif i cantly de c r eas ed 
the birth weight but had little effect on the subsequent growth of 
the progeny. Furthermore it did not significantly exagger ate the 
effects of protein deficiency in utero . In he first generation ~ 
organ weights and body weights were significantly lower in he p r o ein= 
deficient groups and, at most ages, the sec ond generation body a n d 
organ weights of all groups were significantly lower than in t he 
respective first generation groups. 
(c) Cell Numbers and Sizes 
Cell numbers and sizes in the liver, kidney, heart and 
epididymal fat pad are shown in Table 2- IV. In first generation 
studies, maternal protein or calorie deficiency did not affec t the 
size of cells in liver, kidney and heart . This was also t r ue of the 
second generation progeny. However, in adipose tissue the cell size 
was significantly affected by in utero protein deficiency . At 
sixteen weeks, the cell diameter was reduced by 10- 13% when compared 
to controls. This was not studied in second generation progeny. 
Maternal protein deficiency caused a significant reduc tion in 
the cell numbers of all organs, at all ages . In normally developing 
control progeny, rapid cell division in the liver ceased at nine 
weeks of age and in the kidney at six weeks. Cellularity of the 
heart tissue remained almost constant from three weeks of age . Cel l 
division in adipose tissue continued at the same rate throughout the 
period of study. In the liver of protein- deficient progeny, the 
period of rapid cell division ended at six weeks but kidney, heart 
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and adipose tissue showed identical pat terns of cell division to the 
controls. Thus, in the liver, there was not only a deficit in cell 
numbers in early life but the period of cell division was s hortened 
in the protein-deficient group. Calorie def iciency had no effe c t on 
the period of rapid cell division . As with body and organ we ights 
cellularity of liver, kidney and heart in the sec ond generation 
animals was slightly reduced when compared to the respective f ir s 
generation groups. Thus the diffe rences between he gene r at ions w0 th 
respect to organ weights reflected a decreased cellularity o 
(d) Carcass Composition 
As shown in Table 2 - V, carcass analyses revealed no c omposit ional 
changes with regard to protein ash, fat and water content in controls 
from the age of 3 weeks to 12 weeks . Neither were there any significant 
differences between the control and experimental groups . Fa =free 
values were also computed but no signific ant diffe rences were found o 
Thus, offspring of protein- deficient dams despite the ir early 
protein malnutrition maintained a normal% protein c ontent f rom as 
early as three weeks of age. 
4. DISCUSSION 
Decreased birth weights have been reported following f o e al 
protein-calorie malnutrition, in many species inc luding r odents , 
pig and man (Chow & Lee ~ 1964 ; Pond, et al., 1969 ; Burke e t al . 9 
1943). In this study, such decreased weights in the rat were found 
to be primarily due to protein deficiency in utero . Calorie 
restriction alone had less effect and did not significan ly exaggera e 
the effects of protein deficiency . Protein deficiency also r esul ted 
in reduced numbers of pups per litter and reduced fertility o These 
findings are supported by the work of Gupta and Christie (1968) who 
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found higher preirnplantation losses and numbers of resorptions in 
rats fed low protein diets. This study showed that calorie deficienc 
alone had little effect on fertility nor did it exagger a te the effect s 
of protein deficiency. 
Decreased body and organ weights in offsp r ing of protein -
deficient darns previously reported in progeny up to the end of the 
weaning period of 21 days (Zeman, 1970) were shown t o pe rs is t into 
maturity. There was no evidence in this study that the body a n d 
organ weights of the protein-deficient group were c atching up with 
controls. On the contrary, the growth curves appeared to be 
diverging. Calorie deficiency alone du ring pregnancy had only mino r 
effects on subsequent body and organ weights of progeny when compared 
to protein deficiency. 
Zeman (1970) has found that de creased organ weights in the 
weaning progeny of protein- deficient darns reflect reduced 
cellularity. The results of this study for liver » kidney an d heart 
tissue covering the period from post weaning until maturity are in 
agreement with these findings. In these organs j cell size was not 
affected by maternal diet . However, in adipose tissue both 
cellularity and cell size were significantly decreased in offsp ring 
of protein-deficient darns. This finding is suppor ted to some ,extent 
by the work of Knittle and Hirsch (1968) using rats r ea r ed in small 
or large litters. The larger litters experienc ed a reduced to al 
protein-calorie intake during weaning and subsequently were found t o 
have permanently reduced adipose tissue cell numbers and sizes , when 
compared to pups from smaller litters. 
Normal growth of the whole rat and of individual organs is due 
initially to the acquisition of new cells, the size of the individual 
cells remaining constant. Later growth is assoc iated wi th both 
d 
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cellular hyperplasia and hyp er trophy an d finall growth occurs by 
cellular hypertrophy alone (Winick & Noble , 19 65 ). These stages merge 
gradually one into the othe r and diffe r in durat ion i n e a ch organ o 
In this study, cellular hyperplasia ceased in l iver, k idney and hea r t 
in all groups at approximately 60 days but i n adipose t i ss u e hyper= 
plasia was apparent up to 16 weeks. This f i n d ing agrees with that 
of Hirsch and Han (1969) who found cellul ar h yp erp l asi a i n adip ose 
tissue up to 15 weeks of age. The specific effec t of e ar l y pro tein 
malnutrition on adipose tissue cell size ma y re fl ect the f act tha 
the fat cell is primarily a storage depo 9 wh ere a s l iver 9 k idney and 
heart cells are primarily me t abolic uni t s whose s ize ma y be 
genetically determined . 
The absence of any difference in body composit i on be tween the 
progeny of the experimental and cont r ol g r oups is support ed byte 
work of Allen and Zeman (1971) who also foun d tha t body c omposition 
at birth or during the weaning period was similar i n control p rogeny 
and progeny of protein- deficient dams . The y did not study the post= 
weaning period. It is difficult to explain t he fact t h a t% total 
body fat was normal in the protein- deficient g r oup especia lly a s the 
adipose tissue studied was so severely affected . I t may be that the 
epididymal fat pad is one of the fi r st fa t depo ts to be af f ected by 
restricted food intake and as such may no t b e tru ly rep res entative of 
all body fat depots. 
There have been no previous r eports of s e c on d generation studies 
of the kind undertaken here . The majo r fi n dings were the reduced 
fertility of female offspring of prot ein defi c i ent dams and the 
increased mortality of their prog eny. I t s e ems t hat the reduction in 
numbers of pups produced p e r li tt e r may be a comp ensatory mechanism 
which allows nearly normal growth of surviving p ups . Body weights in 
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the second generation groups were lower than those of the first 
generation. Differences in body weights would be minimised b y the 
decreased fertility of the second generation dams, and they wou l d be 
further reduced by the increased mortality of the progeny . A fu r her 
period of protein deficiency during gestation of firs t gener a t ion 
offspring compounded the effects of their earlier malnutrition in 
utero. 
These findings may partially explain the short statur e of 
people such as New Guineans who have unde rgone many generations of 
protein deficiency. Stunted growth and permanently impaired men t al 
ability have been demonstrated in children who have undergone an ea rly 
period of severe protein deficiency (Kreuger , 1969 ; Champakam e t al o, 
1968). If the findings presented here in the rat c an be extended to 
man , it would seem to be of greater advantage to the child to supp lemen 
the perinatal maternal diet than that of the growing child itself . 
1 
41 
5 . SUMMARY 
The effects of maternal protein and/or calorie deficien c y 
during gestation in rats on subsequent growth, body composition, cell 
size and cell number in organs of progeny were studied into maturity . 
Female rats were fed the experimental diets for two weeks before 
mating and throughout gestation. Protein deficiency caused a 
significant decrease in birth weight, lit ter size and fertility and 
a significant rise in mortality of pups. Offspring of protein -
deficient dams exhibited permanent stunting of growth and reduction 
in organ size. Decreased liver, kidney and heart weights were due 
to reduction in cell numbers but in epididymal fat pads both cell 
numbers and cell size were significantly reduced. Calorie deficiency 
had only minor effects and did not potentiate the effects of protein 
deficiency. None of the treatments affected the% body=composition 
of progeny. Second generation studies showed that female progeny of 
protein-deficient dams were relatively infertile and produced liter s 
with reduced body weights. The infertility of first generation 
progeny was enhanced by a further period of protein deficiency during 
their own gestation. The second generation litters then showed a 
very high level of mortality as well as permanently reduced body weights . 
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CHAPTER 3 
STUDIES OE PROTEIN METABOLISM IN 
OFFSPRING OF PROTEIN-DEFICIENT RATS 
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PART I: NITROGEN BALANCE STUDIES 
1. INTRODUCTION 
It was shown in Chapter 2, that female rats which we r e fed on 
a low protein diet for two weeks previous to and during gesta ion 
produced permanently stunted offspring wi h reduced numbers of cells 
in major organs, but normal body composition . This stunting oc c urred 
despite ad libitum postpartum feeding of dams and ad libi um feeding 
of the offspring after weaning with die t s containing ample amounts 
of protein. Lee and Chow (1965) found that offsp ring of dams whose 
food intake was res t ricted to 50% dur ing gestation and lac ta ion 
exhibited depressed feed efficiency and an abnormally high ni rogen 
excretion, particularly as amino acid, in adult life. 
In this study, an attempt has been made to determine whether 
the stunting and decreased growth rates in the offspring of dams 
rendered protein-deficient ~n gestation alone, were associated with 
reduced intake of food, impaired absorbtion o r utilisation of dietary 
protein or excessive loss of nitrogen in the urine . 
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2 . METHODS AND MATERIALS 
The breeding and feeding procedures were the same as repor ed 
in Chapter 2. However, at parturition all mothers were fed ad libitum 
on commercial laboratory chow (Table 3 =1), as were the progeny from 
the time of weaning. Only male progeny from litters of 7=8 pups 
were studied so as to negate any possible effec of litter size on 
pre or postnatal growth. Offspring of protein- deficient dams will be 
referred to as test progeny in the text . 
Body weight and food intake were measured from 3 to 32 weeks 
of age. Altogether 18 control and 18 test progeny we re used for 
nitrogen balance studies carried out over a period of 10 days . The 
ages of the test progeny ranged from 16=31 weeks and the controls 
were matched either for age or weigh. 
Nitrogen intake was calculated from the daily food intake 
using the value of 29.1 mg N/gm food as determined by the microKjeldahl 
method (MacKenzie & Wallace , 1952). This technique was also used to 
determine urinary and faecal nitrogen . Rats were kept individually 
in metabolic cages. Urine was collected twice daily and cage washings 
were added. Samples were kept frozen and pooled at the end of 10 
days. Faeces were collected daily, kept at 4° , pooled and 
homogenised. Total nitrogen excreted was determined from the sum of 
urinary and faecal nitrogen. 
Urinary and plasma creatinine (Jaffe, 1886 , as modified by 
Edwards & Whyte, 1958), urea (Hawk et al., 1954) and amino acid 
nitrogen (Albanese & Inby, 1944) were measured during the nitrogen 
balance study. Plasma amino acid nitrogen was measured after the 
protein had been precipitated by 10% tricholoracetic acid . 
TABLE 1 I Growth of diffe r ent parts of t he sheep foetus as affected 
by the nutrition of the ewe from day 91 - 144 of pregnancy. 
ORGANS % 
Brain and spinal cord 84.2 
Pancreas 59.5 
Heart 57 . 2 
Alimentary system 56 .3 
Skeleton 55 06 
Diaphragm 52 , 5 
Lungs 52.0 
Kidneys 50 06 
FOETUS 46 0 7 
Flesh 43 .4 
Spleen 25.6 
Heart thvmus ,, 23 . 2 
Neck thymus 20 . 9 
Liver 8 . 1 
Weight increment of the organs of the poorly nourished lambs are 
expressed as a percentage of hose of the well nourished lambs . 
(Hammond, 1961 ; from Wallace, 1948) 
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3. RESULTS 
At all ages, the body weights of test p rogeny were significantly 
lower (p < 0 . 001) than those of the control p r ogeny. As shown in 
Table 3 - II , until the age of twelve to sixteen weeks, the increase in 
body weight as a percentage of the original body weight was similar 
in the two groups and the body weight of the test group was 80 o9% 
that of controls. Thereafter,the growth rate of the protein- deficien 
progeny was significantly lower than t ha t of the controls so that by 
the age of 32 weeks the body weight of the te s t p rogeny was only 6806% 
that of the controls . 
As shown in Figure 3 - I, the food intake per unit body weight 
was similar in the two groups between the ages of 3 ~32 weekso From 
this finding, we might expect to observe parallel growth curves in 
the two groups. As this was not the case af ter 12 - 1 6 weeks of age ~ 
there must have been other factors operating the effects of which 
only became apparent in the older rat . For this reason, nitrogen 
balance studies were carried out in progeny over the age of 16 weekso 
Similar patterns of weight gain and food intake were found in 
the control and test progeny during the nitrogen balance studies, the 
results of which are shown in Tables 3 =III, IV and Vo As shown in 
Table 3 - III, weight gain per day during the nitrogen balance stud ies 
was significantly lower (p < OoOOl) in the test group whether matched 
for age or weight to the controls . In addition,_ the data in Table 
3-III indicate that the feed efficiency of the test group was 
significantly lower than that of controls o This held true irrespective 
of whether the controls were matched for age or weight with the test 
progeny . Table 3-IV shows the nitrogen intake and output as a 
function of body weight in the two groups of animals. Nitrogen intake 
per unit body weight was similar in the test and age matched cont ol 
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Figure 3-I The relationship between food intake per 
unit body weight and age 
Progeny of control dams 
Progeny of protein deficient dams 
Avera g e of results from 20 rats per group measured 
every 3 days. For clarity, the individual avera ge 
values have been omitted. 
32 
TABLE 3-II 
AGE 
weeks 
3- 6 
6-9 
9-12 
12-16 
16-21 
21-25 
25-32 
Growth Rates of Progeny from Control and Protein -
Deficient Dams (1) 
% GROWTH RATE (2) 
Control Protein Deficient 
194 ± 3.7 189 + 2.6 
112 ± 2.3 108 ± 3 . 1 
23 ± 2.0 22 ± 1 . 8 
11.3 ± 1 . 1 6.1 ± 0 0 8 ;'\;~ ;', 
10 . 0 ± 0 . 7 5 o7 ± 0 0 4 ;',;\-
6.0 ± 0 .4 3.8 ± 0 o 3 ;'r,~ 
5.7 ± 0 . 5 2 o4 ± 0 2•'H'• 0 ,, ,I\ 
(1) Mean± 1 S . E.M . for four groups of five rats o 
(2) Increase in body weight as a percentage of original body weight ~ 
*****Significantly different from controls p < 0 . 05 , 0 . 01 . 
l 
TABLE 3-III Food intake and feed efficiency of progeny of control and protein-deficient dams(l) 
Age Maternal Initial( 2 ) Weight Gain/Day Diet Weight . 
weeks g g 
10 Control 242 ± 3 4.10 ± 0 . 31 
16 Protein 248 ± 6 0 . 62 ± 0 . 04 ~._. Deficient 
16 Control 290 ± 10 1.12 ± 0.08 
31 Protein 273 ± 9 0.49 ± 0.06~'-Deficient 
16 Control 290 ± 10 1.12 ± Oo08 
16 Protein 248 ± 6·'- 0 . 6 2 ± 0 0 04 i, " Deficient 
25 Control 331 ± 7 1.08 ± 0 . 08 
25 Protein 
Deficient 265 ± 7-·-" 0. 5 6 ± 0 0 03 ~·-
(1) Mean ±1 S.E .M. for groups of six rats 
(2) Weight at the beginning of the experiment 
(3) % weight gain per day/food intake pe r day 
Weight Matched 
Age Matched 
Food Intake/Day 
g 
15.06 ± 0.21 
14.45 ± 0.33 
17.56 ± 0.41 
16.58 ± 0.68 
17 .56 ± 0 .41 
14.45 ± 0 .33;', 
19.49 ± 0 .39 
15 . 62 ± o o 2 o~·-
*** * significantly different from controls p < 0 . 05, 0 . 001 respectively 
Feed Efficiency( 3 ) 
0.112 ± 0.01 
0 . 01 7 ± 0 . 001 ;',· 
0 . 021 ± 0.001 
0 . 011 ± 0 . 001 ;',· 
0.021 ± 0 . 001 
0 . 017 ± O. OOl;hh', 
0 . 017 ± OoOOl 
0. 013 ± 0 0 001 ;',-;,_.,,_ 
TABLE 3-IV Nitrogen Balance Studies 1.n Progeny ( 1) 
Age Maternal Nitrogen Intake Nitrogen Output mgN/KgBW/24 hr 
Diet 
Weeks mgN/KgBW/24 hr Urine Faeces 
WEIGHT MATCHED 
10 Control 1805 ± 32 400 ± 17 479 ± 17 
16 Protein deficient 1690 ± 41 675 ± 3l·k 527 ± 21 
16 Control 1756 ± 37 488 ± 12 511 ± 15 
31 Protein deficient 17 62 ± 63 704 ± 191'-' 526 ± 19 
AGE MATCHED 
16 Control 1756 ± 37 488 ± 12 511 ± 15 
16 Protein deficient 1690 ± 41 675 ± 3l'k 527 ± 21 
25 Control 1708 ± 71 596 ± 17 506 ± 15 
25 Protein deficient 1710 ± 43 73 0 ± 18·k· 508 ± 12 
( 1) Mean ±1 S .E. M. for groups of six ratso 
;', significant ly different from controls, p < OoOOl o 
l 
l 
TABLE 3-V An 1 . f U. N't D' 'b · (l) a ysis o rinary i rogen istri ution 
Age Maternal Diet Creatinine Urea 
weeks mgN/KgBW/24 hr mgN/KgBW/24 hr 
WEIGHT MATCHED 
10 Control 6. 64 ± 0 .18 317 ± 21 
16 Protein 
Deficient 11.99 ± 0.21,•, 541 ± 24,•, 
16 Control 6.45 ± 0.25 3 70 ± 30 
31 Protein 
Deficient 11 . 41 ± 0 . 3 1 ,',· 497 ± 21,b'c' 
AGE MATCHED 
16 Control 6.45 ± 0 . 25 370 ± 30 
16 Protein 
Deficient 11.99 ± 0 . 21,•, 541 ± 24,b'-
25 Control 9.70 ± Oo23 441 ± 13 
25 Protein 
Deficient 12.10 ± 0 . 18 563 ± 26,'d, 
(1) Mean± 1 S.E.M . for groups of six rats. 
,'n', 
' 
~·~ 
" significantly diffe r ent from cont r ols p < 0 . 01, 0 . 001 respectively . 
Amino Acid 
mgN/KgBW/24 hr 
7. 04 ± 0 . 29 
15. 52 ± 0 . 3 2 ,', 
7.86 ± 0.21 
19 . 00 ± 1 . 01-'-' 
7 . 86 ± 0 . 21 
13 .52 ± 0 . 32·'-
12 . 61 ± Oo99 
21.38 ± 0.81·'-
..... =- - ~., -··- ___ ::,;-: c; - ,- ¥ ~--- - l ~ 
TABLE 3-VI Plasma nitrogen distribution in progeny of control and protein-deficient dams(l) 
Age Maternal Diet Creatinine Urea Amino Acid 
weeks mg/100 ml. plasma 
WEIGHT MATCHED 
10 Control 0.520 ± 0.06 27.3 ± 2.9 
16 Protein 
Deficient 0. 531 ± 0. 03 32.6 ± 3.1 12.01 ± 0.18 
16 Control 0 .49 7 ± 0. 02 25.3 ± 2.9 11.91 ± 0.23 
31 Protein 
Deficient 0.527 ± 0.07 28.2 ± 1.9 
AGE MATCHED 
16 Control 0.497 ± 0.02 25.3 ± 2.9 11.91 ± 0.23 
16 Protein 
Deficient 0 0 531 ± 0. 03 32.6 ± 3.1 12 . 01 ± 0.18 
25 Control 0 . 530 ± 0 . 06 27.6 ± 2 . 1 16 . 04 ± 0 . 29 
25 Protein 
Deficient 0 . 521 ± 0 0 04 32 . 1 ± 3.0 15 . 59 ± 0 . 31 
(1) Mean ± 1 S.E.M. for groups of six rats . 
~ J 
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groups. However, the 16 week old test progeny had an apparent l y 
lower nitrogen intake than 10 week old weight - matched cont r o S o This 
finding was expected as food intake per unit body weight r eached a 
peak at 10 weeks of age and had markedly de c lined by the age of 16 
weeks, (Figure 3-I). The other weight =matched g r oups had simil a r 
intakes. 
There was no significant difference in the excretion of 
nitrogen in the faeces per unit body weight whether controls were 
matched for age or weight. This indicates that the test g r oup did 
not have a defective absorptive capacity for nitrogen. Indeed 9 i n 
all cases, the% of total nitrogen excreted as faeces was lowe r in 
the test group. There was however, a significant elevation of u rinary 
riitrogen excretion per unit body weight in the test group whe t he r 
matched for age or weight to controls and a higher % of to t a l n itro gen 
was recovered in the urine. From the data in Table 3 =IV, i t can be 
calculated that total nitrog~n excretion and nitrogen exc re tion as a 
% of nitrogen intake were also significantly elevated in t he t es t 
group. 
Table 3-V shows the results of the analysis of nit r ogenous 
components of the urine. Absolute nitrogen excretion per uni t body 
weight as creatinine, urea and amino acids in the u r ine was elevated 
in the test groups . These components together normally a c count f o r 
approximately 80% of urinary nitrogen . The increased e xcretion of 
creatinine and urea was proportional to the increase in total urina ry 
nitrogen, but the% of nitrogen excreted as amino a cids was 
significantly higher in the test progeny than in control progeny. 
For example, at the age of sixteen weeks a amino a c id nitrogen 
accounted for 2.3% of urinary nitrogen in the test group bu t only 
1.61% in the control group (p < .001) . Increased quan t ities of amino 
acids in the urine reflect either elevated blood amino a c id l evel s or 
d 
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impaired renal tubular resorption . These might be differentiated by 
measuring the plasma levels of amino acids . Plasma creatinine , and 
urea concentrations were also determined and, as shown in Table 3 =VI, 
the concentration of all these components was similar in both groups . 
4. DISCUSSION 
In the present investigation, a normal food i ntake pe r uni 
body weight and a normal ability to absorb protein was found in 
offspring of dams restricted in their protein intake during gestation 
alone. However, these animals demonst rated an increased excretion of 
urinary nitrogen and an anomalous distribut · on of nitrogen within the 
urine. This was accompanied by normal plasma levels of the nit ro genous 
compounds measured. It is difficult to assess whether the higher 
nitrogen losses in the urine were wholly or partly responsible for 
the decreased growth rate of older test progeny. The state of 
nitrogen balance in the younger rat was not determined . It i s possible 
that the same abnormalities of nitrogen balance occur in these younger 
progeny but do not produce a measurable decrease in growth rat e at 
this early stage. In addition, the possibil ity of abnormalities in 
carbohydrate or lipid metabolism contributing to the slow growth rate 
of older progen~ cannot be disregarded . 
It is an established fact that diffe r enc es in the dura t i on and 
severity of early malnutrition result in a variable response t o 
rehabilitation in the rat (Mccance & Widdowson, 1962) . It might be 
that differences in the timing and severity of malnutrition between 
this study and that of Lee and Chow (1965) could account fo r the 
discrepancies in the findings between the two studies . Lee and Chow 
(1965) using offspring of da~s restricted to 50% of thei r normal 
intake during both gestation and lactation found a higher than normal 
·food intake in such progeny and also found evidence of impairment of 
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dietary protein absorbtion . However, Chow et al. (1968b)showed that 
such restriction in gestation alone had no effect on subsequent food 
intake of progeny. Lee and Chow (1965) also showed high urinary 
nitrogen excretion with anomalous urinary nitrogen distribution in their 
animals, and especially high amino acid excretion . In 1968 ~ they 
showed that basic amino acid excretion was particularly high . 
In this study, test progeny over the age of 16 weeks had a 
growth rate approximately 70% that of controls and excretion of urea 
in test progeny was increased by 25%. As urea excretion is a measure 
of protein breakdown, this would indicate that there is approxima t ely 
25% less protein available for storage in tissues in the test progeny . 
The excess loss of nitrogen as amino acid was very small and probably 
did not significantly affect the overall growth rate. However, the 
anomalous amino acid excretion could indi c ate the existence of other 
derangements of protein metabolism possibly involving the enzyme and 
_hormone systems. The importance of the loss of nitrogen as creatinine 
is difficult to assess as creatinine · serves no known function bu is 
merely a byproduct of creatine metabolism. 
Plasma levels of nitrogen-containing compounds in progeny of 
protein-deficient dams have not been previously reported. Exc essive 
urinary nitrogen los~ together with normal plasma concentrations of 
nitrogen containing compounds, could be the result of an inc reased 
rate of presentation of these substances to ·the kidney . The exc ess 
urea loss indicates abnormal protein metabolism . This could be due 
either to a decreased ability to utilise amino acids for protein 
synthesis or to an increased rate of protein catabolism . There is 
evidence in the literature to support both these concepts . Lee and 
Chow (1968) have shown that high amino acid excretion exists in such 
progeny even when they are fed on protein free diets . This indicates 
1 
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increased catabolism as the operative mechanism . On the other hand, 
Stephan et al. (1971) found lower concentrations of growth hormone in 
the pituitaries of such progeny. This hormone normally p romotes 
protein synthesis. 
The elevated% excretion of amino acids may indicate in addition 
a renal tubular defect. However , the high % loss of amino acids could 
be due to a cellular intolerance such as shown to occur when alimen ary 
protein is given to previously severely malnourished human subjects 
(Vis, 1963). 
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PART II: THE INCORPORATION OF GLYCINE-u~ l 4 c INTO LIVER AND MUSCLE 
PROTEIN AND INTO EPIDIDYMAL ADIPOSE TISSUE LIPID I N 
OFFSPRING OF PROTEIN-DEFICIENT DAMS 
1. INTRODUCTION 
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In the first part of this chapter it was shown that offspring 
of protein-deficient dams exhibit abnormally high and qualitatively 
anomalous urinary nitrogen excretion accompanied by a normal food 
intake and it was concluded that early protein deficiency had 
permanently affected the protein metabolism in these animals . 
However, it was not clear whether the abnormality was anabolic and / or -
catabolic or whether it occurred in one or more organs . This study 
is an attempt to further investigate one aspect of this problem by 
measuring the in vivo and in vitro incorporation of glycine~U=14C 
into the protein of liver and muscle. The in vivo incorporation of 
glycine-u-l4 c into epididymal adipose tissue lipid was also measured , 
The simple, non-essential, a~ino acid glycine was chosen as it 
normally accounts for two-thirds of the free or total urinary ami no 
acid and Lee and Chow (1968) showed that glycine is one of the amino 
acids excreted in .abnormally high amounts in the hydrolysed urine of 
p_rogeny from dams restricted to 50% of their normal food intake dur ing 
both gestation and lactation. Glycine is also a major precursor of 
creatine, the breakdown product of which (creatinine) is excreted in 
abnormally high amounts in progeny of protein- deficient dams . 
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2. METHODS AND MATERIALS 
16 week-old male progeny of control and protein-deficien t dams 
(test progeny) were used throughout the study. Feeding and bree ding 
procedures were as de s cribed in Chapter 2. Experiments were carried 
out at 10 a.m. after the anima l s had been allowed access to food 
ad libitum until 8 a.m . 
(a) In Vivo Studies 
5 µCi. glycine-U- 14c ( 10 mCi/mM) per 200 g body weight, in 
0.5 ml physiological saline were i n jected into a tail vein. Animals 
were killed 30 minutes later by cervical dislocation. The liver, 
adductor muscles of the left hind limb and the left epididymal fat 
pad were excised, washed in ice-cold saline and weighed. 
(i) Live r and Muscle Studies 
1 ml of a 20% homogenate of liver or muscle was mixed with 
2.5 ml of cold 10% trichloracetic acid (TCA) and centrifuged. This 
procedure was repeated twice; the supernatants were pooled, prepared 
by the method of Tallan et al. (1954) and analysed for glycine using 
an automatic amino acid analyser (Spackman et al., 1958). The 
sediment was washed twice with 10 ml methylene chloride to remove 
fat. 10 ml 5% TCA were added and the suspension was heated at 90° 
for 15 minutes in a water bath to remove nucleic acid. The protein 
was then dissolved in 2 ml aOH (2M), autoclaved for 5-10 minutes 
and neutralised with 2M HCl. Aliquots of the solution were taken for 
protein estimations (Lowry et al., 1951) and radioactivity assay 
using a liquid scintillation counter and toluene/triton scintillation 
fluid (toluene, 11.; tri t on XlOO, 500g; 2,5-diphenyloxazole, 
6g ). 
(i i) Adipose Tissue Studies 
Approximat e ly 500 mg. of tissue were homogenized in 10 ml 
2:1 , chlorofo rm: methanol (Folch et a l., 1957) . The phases were 
separated with 2 ml 0.9% NaCl and the chloroform phase was 
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recovered for lipid estimations and radioactivity a ssay using a 
scintillat ion counter and phosphor scintillation fluid (tolu e n e, 11; 
2,5-diphenyloxazole, 4g; 1,4-bis [2-(5 phenoxazolyl)] - Benzene, 
0.05g) . 
Plasma glycine concentrations were determined in an amino acid 
analyser, plasma 11-hydroxycorticoids by the method of Mattingly 
(1962) and plasma insulin by the radioimmunoassay method of Hales 
and Randle (1963a,b). 
Cb) . d' 1 In Vitro Stu ies 
(i) Muscle Studies 
Muscle strips were prepared from the adductor group of muscles 
of the hind limb a ccording to a modified Schorr technique ( Beatty, 
et al., 1959). The muscle strips were incubated for 1 hr at 37° in 
5 ml Krebs-Ringer Bicarbonate buffer (Umbreit et al., 1964), 
saturated with 95% 0 2 :5% CO 2 . Each incubation flask contained 1 µCi 
glycine-U- 14c. 
( ii) Liver Studies 
Liver slices were prepared by hand from the left latera l lobe. The 
same incubation system was used as for muscle but incubations were 
terminated at 30 minute s. 
1 . Figure 3-II shows the results of a preliminary study of in vivo 
and in vitro incorporation of radioactive glycine into liver and 
muscle protein. Over the time periods used in this study, there was 
a linear increase in incorpo ra tion with time. 
In the in vitro experiments, alterations in the specific act ivity 
of glycine in the incubation media over the time per iod used were not 
significant . 
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F i g u re 3 -11 Th e re I a ti o n s h i p b e tw e e n th e ti m e a ft e r i n i e c t i o n 
(in vivo) of glycine-u!'c or the period of incubat io n of t is sues 
(in vitro) with glycine-u!-'c and the incorporation of g lycin e 
into liver or muscle protein. 
TABLE 3-VII Weight, protein and glycine content of liver and muscle 
weight and lipid content of epididymal adipose tissue 
and plasma glycine and cortisol concentrations in 16 
week=old offspring of control and protein~deficient dams 
(test progeny)Cl) 
CONTROL TEST 
WEIGHT (g) 
Body 301 ± 7 256 + 5-·-" 
Liver l4 o3 ± 0 . 9 9 06 + 0 0 8';', 
Left Hind Adductor Muscle 1.35 ± 0 . 08 0 . 81 ± 0. 03 -;'( 
Left Epidi~ymal Fat Pad 3 ol5 ± 0 . 09 1.98 ± 0 0 08-;', 
PROTEIN (mg/g wet weight) 
Liver 189 + 5 176 
- 9 
Adductor Muscle 164 ± 6 169 ± 5 
LIPID 
Left Epididymal Fat Pad 9280 + 150 93 76 ± 132 (mg/ g) 
Per Adipocyte ( µg. triolein) 0.379 ± 0 . 012 0 . 250 + 0 . 008-;', 
GLYCINE ( µ mo 1 es/ 10 0 g wet weight) 
Liver 230 + 8 . 2 241 ± 5.6 
Adductor Muscle 216 + 4 06 209 ± 6 ol 
Plasma (mg/100 ml ) 1 . 83 + 0 . 12 l o79 + 0 . 15 
PLASMA 
ll ~hydroxycorticoids 
( µg/ 100 ml) 47.3 ± 6 ol 40.6 ± 5 . 6 
Insulin (µU/ml) 19 . 2 ± 2 . 3 16 0 3 + 3.0 
(1) Mean± 1 S.E.M. for groups of 20 rats . 
Significant differences between control and test progeny k p < 0 . 001 
d 
TABLE 3-VIII In vivo incorporation of glycine - u- 1 4c into 
liver and adductor muscle protein and in to 
epididymal adipose tissue lipid in 16 week= 
old offspring of control and protein- deficient 
dams (test progeny)Cl) 
CONTROL TEST 
DPM / mg protein/ 1/2 hr 
Liver 3 06 + 16;'_-,;', 
Left Adductor Muscles 
387 ± 21 
43.50 ± 3 . 12 2 8 • 3 7 ± 2 • 9 O;'d, 
DPM / g triolein / 1/2 hr 
Epididymal Fat Pad 2350 ± 100 1031 ± 60;', 
(1) Mean± 1 S.E.M . for groups of 20 rats . 
Significant differences between control and test progeny, 
;', p < 0. 001 
TABLE 3-IX 
-ld, p < 0. 01 
~n vitro incorporation of glycine=U=1 4 C into live r 
muscle protein in 16 week-old offsprinr of control 
protein-deficient dams (test progeny)( ) 
and 
and 
CONTROL TEST 
LIVER (DPM/mg protein/1/2 hr ) 
ADDUCTOR MUSCLE (DPM/mg protein/hr) 
29 6 ± 3 0 
51 . 83 + 4 .3 2 
(1) Mean± 1 S.E.M. for groups of 20 rats . 
201 ±: 
35 .69 ± 
Significant differences between control and test progeny , 
;'d, p < 0. 01 
-/, p < 0. 001 
2 7 0 -·--·-o , ... ,, 
d 
After the incubations, the tissues were extracted and preparea 
as described for the in vivo experiments. 
3. RESULTS 
Table 3-VII shows the weight, protein, glycine and lipid 
content of the organs involved in this study. The weights of the 
body, liver, left hind adductor muscles and left epididymal fat pad 
were significantly lower in offspring of protein-deficient dams 
(p < 0.001). However, the protein and glycine content per unit 
weight of liver or muscle were similar in control and test progeny, 
as were the plasma glycine concentrations. Althpugh lipid per 
gramme was normal in adipose tissue of test progeny, the lipid content 
per cell was lower, indicating an increased number of cells per unit 
weight of tissue. Both plasma insulin and plasma 11-hydroxycorticoid 
concentrations were normal in test progeny. 
Table 3-VIII shows the in vivo incorporation of glycine-u-l 4 c 
into liver and adductor muscle protein and into epididymal adipose 
tissue lipid. In each case, incorporation was significantly lower in 
offspring of protein-deficient dams. A similar result was obtained 
with the in vitro experiments (Table 3-IX). 
In a degradation study, muscle strips and liver slices, 
previously incubated with radioactive glycine were washed with ice-
cold buffer and reincubated in fresh buffer containing only an excess 
of unlabelled glycine (10 times the original concentration). After a 
supplementary incubation (30 mins. for liver, 1 hr. for muscle) only 
a negligible amount of i 4 c was recovered in the supernatant. 
4. DISCUSSION 
During the past several years, knowledge of protein biosynthesis 
has been obtained by studying the incorporation of amino acids into 
d 
proteins. Under certain conditions, it is accepted that amino acid 
incorporation into proteins does indeed represent protein synthesis 
(Zamecnik and Keller, 1954). In this study, offspring of protein-
54 
deficient dams were shown to exhibit a reduced ability to incorporate 
the amino acid glycine into muscle and liver protein in vivo and in 
vitro and into epididymal adipose tissue lipid in vivo. However, in 
the liver, muscle and plasma, the glycine concentration was similar 
in test and control progeny. Thus substrate availability was not 
impaired in the test progeny. 
Protein synthesis is influenced by the hormones insulin, 
thyroxine and growth hormone as well as by the glucocorticoids such 
as cortisol and corticosterone. The secretion of the latter three is 
controlled by the adenohypophysis of the pituitary gland. Growth 
hormone increases the rate of synthesis of cellular protein but its 
precise mode of action is uncertain. It is believed to act in a 
-direct manner either to enhance the transport of amino acids across 
the cell membrane or to accelerate the actual chemical processes of 
protein synthesis. Part of the action of this hormone might also 
result from its effect on fat metabolism, as it causes an increased 
rate of fat liberation from fat depots making this available for 
energy. This, in turn, reduces the rate of oxidation of amino acids 
and consequently makes increased quantities of amino acids available 
to the tissues for protein synthesis. In 1971, Stephan et al. showed 
that offspring of rats restricted to 50% of their normal food intake 
during gestation and lactation, exhibited smaller pituitaries with 
reduced concentrations of growth hormone, and recently, Shrader and 
Zeman (1972) have reported reduced synthesis of growth hormone, as 
measured by in vitro incorporation studies using 14C-leucine, in 
pituitary preparations from offspring of protein-deficient dams 
fostered to normal dams at birth. Although plasma growth hormone 
d 
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levels were not measured in the studies mentioned above, these findings 
would suggest that low circulating level s of the hormone may exist in 
such animals. This could result in decreased protein synthesis from 
amino acids, such as was shown to occur in this study, and possibly 
in increased amino acid oxidation. Stephan et al. (1971) suggested 
that the low growth hormone concentrations in perinatally malnourished 
rats may be due to depressed hypothalamic stimulation of the 
adenohypophysis. If this is the case, then the secretion of other 
pituitary hormones controlled by the hypothalamus may be affected. 
However, plasma 11-hydroxycorticoid concentrations were normal in test 
progeny. The plasma concentration of insulin, another hormone affecting 
protein synthesis, was also normal in test progeny. 
The levels of tissue and plasma glycine in test progeny 
were similar to those in control rats despite low incorporation of 
glycine into protein. This at least ensured similar specific 
radioactivities for the gly~ine-protein incorporation studies. If 
entry of glycine into the cells was normal in test progeny, this 
could reflect reduced catabolism of the amino acid, or diversion into 
other metabolic pathways. Glycine is a major precursor of creatine 
the breakdown product of which (creatinine) is excreted in abnormally 
highanounts in the urine of progeny of protein-deficient dams (Part I). 
Glycine can also be incorporated into lipids, amongst other metabolic 
products, conversion to serine being an intermediate step. The ready 
deamination of serine to pyruvic acid, and the known metabo lic conversions 
of the keto acid, underlie the incorporation of glycine into carbohydrate 
and fatty acids. In this study, however, incorporation of glycine into 
adipose tissue lipid in vivo was significantly lower in offspring of 
protein-deficient dams, ruling out a diversion of glycine into 
lipogenic pathways. 
d 
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As mentioned above, lack of growth hormone may increase amino 
acid oxidation and hence urea formation. In the earlier part of this 
chapter and in the study of Lee and Chow (1965) it was shown that 
perinatally malnourished progeny exhibit excess urea and amino acid 
excretion per unit body weight. This may account for some of the 
glycine. However, in this study, plasma amino acid and glycine levels 
were found to be normal in test progeny, suggesting that either a 
higher rate of presentation of glycine to the kidney must occur or 
that there is depressed active reabsorption of amino acids in the 
kidney tubules of test progeny. 
Finally, since the incorporation of radioactive glycine into 
tissue protein was significantly impaired both in vivo and in vitro, 
there may be a cellular malfunction in the tissues of these animals 
in addition to a possible lack of circulating growth hormone. Either 
the cell membrane transport system or the chemical processes involved 
in the conversion of amino acids to tissue protein within the cells 
could be affected. If this is so, the ability of cells to respond 
to circulating honnone could also be adversely affected. 
These findings do not exclude the possibility that increased 
protein catabolism may be a contributing factor to the incre.ased 
urinary nitrogen excretion shown by the offspring of protein-deficient 
dams. 
d 
SUMMARY 
Female ra ts maintained on a protein deficient diet during 
gestation gave birth to stunted offspring. The progeny, raised on 
a well balanced diet, grew at a normal rate until the age of twelve 
to sixteen weeks when their rate of growth became abnormally slow. 
This slowing down of the rate of growth was associated with an 
excessive loss of urea, creatinine and a amino acid nitrogen in the 
urine. Plasma levels of urea, creatinine and a amino acid nitrogen 
were normal. 
The in vivo and in vitro incorporation of glycine-U- 14c into 
liver and muscle protein was significantly less in offspring of 
protein-deficient dams suggesting that impairment of the protein 
anabolic process es in these animals may contribute to their slow 
growth rate and high urinary nitrogen excretion. 
57 
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CHAPTER 4 
STUDIES OF LIPOGENESIS IN OFFSPRING OF 
PROTEIN-DEFICIENT DAMS 
58 
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PART I: IN VITRO LIPOGENESIS IN EPIDIDYMAL ADIPOSE TISSUE FOLLOWING 
FRUCTOSE FEEDING IN OFFSPRING OF PROTEIN-DEFICIENT DAMS 
1. INTRODUCTION 
It was shown earlier that protein deficiency in pregnant rats 
results in smaller offspring that have smaller organs with fewer cells 
(Chapter 2). In adipose tissue, the size as well as the total number 
of cells is reduced and these effects cannot be overcome by ad libiturn 
post-natal feeding with diets adequate in protein. The size of adipose 
tissue cells has been shown to be directly related to many parameters 
of cell metabolism including the incorporation of glucose into 
glyceride-glycerol (Girolamo and Mendlinger, 1969; Goldrick and 
McLaughlin, 1970) and total triglycerides (Vinten and Gliernann, 1970), 
to lipolytic activity (Zinder and Shapiro, 1971) and to insulin-
stimulated glucose oxidation (Salans et al., 1968). This study 
examines the possibility that smaller adipose cells of progeny from 
protein-deficient darns might lead to deficient lipogenesis in response 
to a stimulus such as fructose feeding. 
-
2. METHODS AND MATERIALS 
As described previously (Chapter 2) female rats of the John 
Curtin School Wistar strain were fed either a diet adequate in 
protein (18%) or one deficient in protein (6%) for two weeks prior 
60 
to, and during, gestation. Male progeny of normal (control progeny) 
and protein-deficient dams (test progeny) were fed ad libitum from 
weaning until 8 or 28 weeks of a ge on commercial chow (TaT:'ile 3-I). 
Subsequently, each group was divided into two subgroups one of which 
continued to be fed commercial chow while the othe~ was given a 
supplement of 20% (w/v) fructose in the drinking water. Chow and 
fructose were measured daily. After a further 2 weeks on these diets, 
the rats were killed. Separate studies were carried out on both the 
8-10 week old and the 28-30 week old rats. 
(a) Lipogenesis Studies 
Animals used for the emeasurement of lipogenesis were killed by 
decapitation at 10 a.m. either 2 or 24 hours after the removal of 
chow and the fructose supplement. Blood was collected into heparinised 
tubes for plasma triglyceride and cholesterol determinations (Technicon 
Autoanalyser II) and into fluoride tubes for blood glucose estimations 
(Huggett and Nixon, 1957) . The epididymal fat pads were excised, 
washed in warm isotonic saline and weighed. Six to 8 longitudinal 
pieces of tissue weighing altogether between 100 to 200 mg were taken 
from the right fat pad. The pieces were then distributed randomly 
between 2 incubation flasks each of which contained 3 ml Krebs-
Ringer bicarbonate buffer (Umbreit et al., 1964). The buffer was made 
up with half the suggested concentration of calcium ions and contained 
20 mg bovine plasma albumin1 and 0.5 mg glucose/ml. The pH was 
· 1. Armour and Company Ltd., Eastbourne, England. 
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adjusted to 7.4 with saturated sodium bicarbonate under an atmosphe re 
of 95% 02 :5% CO 2 . The latter also constituted the gas phase for the 
0 incubations which were performed at 37 in a shaker water bath set 
at 60 cycles/minute. The incorporation of glucose into glyceride-
glycerol and glyceride-fatty acids was measured over a period of 
2 hours 1 using flasks containing 1.5 µCi glucose-U- 14C (S.A. 3mCi/ 
mmole) 2 . 1500 µU. of insulin3 were added to one o f each pair of 
flasks. This concentration has been shown to stimulate glucose 
metabolism maximally in adipose tissue in vitro. After incubation, 
the tissues were washed in large volumes of distilled water to remove 
extraneous isctope and homogenised. The lipids were extracted in 50 
ml. isopropyl alcohol/heptane/lN sulphuric acid; (40:10:1; v/v) and 
an additional 30 ml of heptane and 30 ml of water were added to 
form 2 phases (Dole and Meinertz, 1960). Aliquots of the upper phase 
were taken for estimations of total lipids (Skidmore and Entenman, 
1962) and 14c in glyceride-glycerol and glyceride-fatty acid (Goldrick, 
1967a). The quantities of glucose incorporated into lipids were 
calculated from the specific activity of glucose in the incubation 
medium and the radioactivity in the products. The data was expressed 
in terms of the number of adipocytes in the incubation system. The 
number of fat cells was computed by dividing the total lipid content 
of the tissue pieces by the average lipid content per cell. The latter 
was derived from the mean and the variance of the cell diameter 
(Goldrick, 1967b) and has been expressed as µg triolein. Adipose 
cell diameter was measured (as described in Chapter 2) on suspensions 
of isolated fat cells prepared by incubating, for one hour, a 
1. Incorporation was found to be linear with time. 
(See Figure 4-I .) 
2. The Radioactivity Centre, Amersham, England . 
3. Glucagon-free porcine insulin (Lot no. PJ 5682); Eli Lilly and Co., 
Indianapolis, Indiana. U.S.A. 
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Figure 4 - 1 The relationship between the 
in vitro i n corporation of glucose-U- 14C 
into lipid in epididyrnal adipocytes and the 
period of incubation. 
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longitudinal section of the left fat pad in a siliconised incubation 
1 
flask (Goldrick, 1967a) which contained 6 mg collagenase . The tota l 
lipid content of the tissue was estimated by the method of Skidmore 
and Entenman (1962), using the remaining portion of the left epididyma l 
fat pad. The effect of insulin has been expressed as the difference 
in the presence and absence of insulin (insulin-control) and also as 
the difference in v a lue s obtained in the presence an d absence of 
insulin divided by the control values (insulin-control x 100/control). 
The latter estimate is independent of the control values and was 
transformed to logarithms to normalise the distribution of the data. 
(b) Lipoprotein Lipase Assays 
Animals were killed by cervical dislocation at 9.30 to 10.30 a.m. 
after food had been removed at 8 a.m. A standard fasting time was 
introduced as lipoprotein lipase activity depends on the timing of the 
last feed. The left fat pad was immediately excised, chilled in ice-
cold saline and weighed. Lipoprotein lipase was then extracted by a 
method based on that described by Salaman and Robinson (1961). The 
fat pad was homogenised in 40 ml 0 of acetone at O . The acetone 
homogenate was filtered and the filter paper washed with 100 ml 
acetone at 00 
' 
200 ml of acetone at 24° and 20 ml of diethyl 
0 
at 24 . The filter paper was dried in a dessicator for 24 hours 
of 
ether 
and 
was then cut into small pieces and homogenised at 00 in 10 ml of 
0.05M NH40H-NH4Cl buffer, pH 8.6 containing 1 unit heparin/ml. The 
homo genate was allowed to stand at o0 for 55 minutes and was then 
spun to precipitate the paper. The supernatant was assayed by the 
method of Boberg (1970) with the addition of 0.093 ml of fresh human 
serum to each ml of incubation mixture. Aliquots of the incubation 
1. Worthington Biochemical Corporation, Freehold, N.J., U.S.A. 
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mixture were assayed for glycerol concentration by the enzymatic 
technique of Garland and Randle (1962). Fat cell size and lipid 
content per gramme of adipose tissue were determined on the right fat 
pad in order to estimate cell number. 
Statistics 
The differences between means were computed using Student's 
t-test (Croxton, 1953). 
3. RESULTS 
Chow and fructose intakes of the 8-10 week old control and 
test progeny are shown in Figure 4-II. There was no difference 
between the groups in calorie intake per unit body weight with chow-
feeding. When the diet was supplemented with fructose, the consumption 
of calories from chow was reduced in both groups by an amount that was 
~ 
not totally replaced by the fructose. The total calo~ie intake per 
unit bqdy weight was, however, similar in both groups when fructose 
was fed, the fructose providing approximately 20% of calories. The 
s ame pattern of intake was seen in the 28-30 week old rats. 
Table 4-I shows the body weights, . fat pad weights, cell size 
and number in control and test progeny. In the younger, rapidly 
growing groups, the lower calorie intake in the fructose-fed groups 
was reflected in a significantly lower final body weight, but fat pad 
weight, cell size and number were unaffected. The body weights of 
older, slowly growing progeny were not affected by the short-term 
calorie deficit. 
(a) Plasma Lipids 
Table 4-II shows the blood glucose and plasma cholesterol and 
triglyceride concentrations in the various g~oups. Plasma triglyceride 
levels were similar in chow-fed control and test groups and were raised 
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Figure 4-II Calorie intake of 8-10 week old prog e ny 
of control and protein-deficient darns (test progeny ). 
The upper lines represent the calorie intake in g roups 
fed chow alone and the histogram bars represent the 
total intake of animals fed chow plus a fructose 
supplement . The shaded area shows the calories 
attributable to chow in the control group. This value 
was not significantly different in the test g roup so 
for clarity has been left out of the diagram. The 
values represent the mean of measurements made on 
sixteen rats per group. 
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TABLE 4-I The effect of fructose feeding on body weight, epididymal fat pad weight and fat 
cell size and number in progen(ljf normally fed darns (controls) and progeny of 
protein- deficient darns (test) 
Group 
C 
T 
FC 
FT 
C 
T 
FC 
FT 
(2) Age 
weeks 
10 
30 
Body weight 
g 
230 ± 6 
173 ± 4-;'; 
211 ± 6§ 
162 ± 3~-;', 
345 ± 7 
232 ± 4-;•, 
342 ± 7 
230 ± 6-;', 
Epididyrnal 
fat pad 
weight 
mg 
3186 ± 131 
1878 ± 60-;', 
3215 ± 141 
1925 ± 71 -;', 
5939 ± 190 
2988 ± 141 -;', 
5800 ± 378 
3408 ± 400-;'. 
(1) Mean ± 1 S.E.M. for groups of eight rats 
(2) C Cont r ol progeny ; no fructose supplement 
Epididymal 
cell size 
µg triolein 
0.247 ± .007 
0.173 ± .008-;', 
0.257 ± .007 
0.186 ± .008";'-
0.347 ± .008 
0 . 233 ± . 008-;', 
0 .332 ± .010 
0 , 255 ± . 021-;b', 
T Progeny of protein=deficient darns ; no fructose supplement 
FC Fructose=fed ~ control progeny 
FT Fructose=fed j test pr ogeny 
Significant differences between control and te s t progeny ... ,40 ... , ..... , ... p < 0 . 05 .,, , ... '" 
... , ...... to p < OoOl ., ... '' 
~ ... p < OoOOl ., 
Epididyrnal 
cell 
number 
X 106 
lO oOO ± 0.92 
6. 93 ± 0 0 80·bb', 
9.48 ± 0.45 
6.56 ± 0.49-;', 
l2 ol8 ± 0 . 82 
8 . 06 ± 0 . 81-;'d, 
12.01 ± Oo61 
8 . 70 ± Oo 52-;b'. 
Significant differences between chow=fed and fructose =supplernented groups § p < OcOS 
TABLE 4-II Blood glucose, pl asma triglyceride and cholesterol in 
progeny of contro l and protein=def ici ent darns (tes ) 
following fructo se supplementation of the diet (1) 
Group 
C 
T 
FC 
FT 
C 
T 
FC 
FT 
C 
T 
FC 
FT 
C 
T 
FC 
FT 
(2) Age 
weeks 
10 
30 
10 
30 
Glucose 
rng/100 ml 
blood 
Triglyceride Cholest erol 
rng/100 ml plasma 
ABSORPTIVE STATE 
107 + 3 68 ± 4 43 ± 3 
104 ± 6 63 ± 6 41 ± 3 
115 ± 5 156 ± 5§ 52 ± 7 
112 + 5 146 ± 10§ 50 ± 2 
112 + 4 66 ± 4 44 ± 5 
118 + 6 69 ± 5 49 ± 3 
117 + 7 194 ± 6§cx 55 ± 4 
115 + 5 187 ± 8§cx 53 - 6 
24 =HOUR FASTED 
94 ± 3 ,,.,,. I\ I\ 50 ± 3 45 + 4 
90 ± 3 ,,.,,. "· '" 59 ± 3 45 ± 2 
87 + 4 ,,. " 85 ± 3§ 44 + 2 
94 ± 7 87 ± 2§ 49 ± 2 
107 + 5 61 ± 8 48 ± 1 
101 + 3 ,,.,,. I\ I\ 60 ± 5 44 ± 1 
104 ± 3 97 ± 4~ 0:0:<X 41 + 3 
105 ± 9 98 ± 3§ 0:0:0: 45 ±. 4 
(1) Mean± 1 S.E.M. for groups of eight rats 
(2) C Control progeny; no fructose supplement 
T Progeny of protein deficient darns ; no fructose supplement 
FC Fructose-fed, c?ntrol progeny 
FT Fructose-fed , test progeny 
Significant differences betwe en chow=fed and fructose - supplemented 
groups, § p < 0 . 001 
Significant differences between the absorptive and fasted states 
** p < 0.05, * p < 0.001 
Significant differences between 10 and 30 week old progeny ex p < OoOOl 
cx:cx:o: p < 0 • 05 
TABLE 4 - III Incorporation of glucose~u~l4 c, after fructose 
supplementation of the diet j into total lipids 
C 
T 
FC 
FT 
(2) Group 
+ Insulin 
- Insulin 
+ Insulin 
- Insulin 
+ Insulin 
-
Insulin 
+ Insulin 
- Insulin 
of epididymal adipose tissue, in the absor tive 
state, in progeny of control and prot ein=deficient 
dams (test progeny)Cl) 
10 week old progeny 30 week old prJgeny 
mµ moles glucose/106 cells/2 hr. 
643 + 88 364 ± 27 
274 + 25 333 ± 23 
650 + 95 386 ± 31 
273 ± 30 318 ± 28 
3 656 + 147§ 630 + 19§ 
84 7 ± 45§ 471 ± 11§ 
1851 ± 171§;', 506 ± 11§§§;', 
453 ± 58§§ ;', 349 ± 13';'\" 
(1) Mean± 1 S.E.M. for groups of eight rats 
(2) C Control progeny ; no fructose supplement 
T Progeny of protein- deficient dams ; no fructose supplement 
FC Fructose-fed, control progeny 
FT Fructose-fed, test progeny 
Significant differences between control and test progeny , 
"l'r p < 0. 001 
Significant differences between chow=fed and fructose -
supplemented groups §§§ p < 0 . 05 
§§ p < 0 . 01 
§ p < 0 . 001 
d 
TABLE 4-I V 
Group (2) 
C + Insulin 
= Insulin 
T + Insulin 
- Insulin 
FC + Insulin 
- Insulin 
FT+ Insulin 
- Insulin 
C + Insulin 
~ Insulin 
T + Insulin 
- Insulin 
FC + Insulin 
- Insulin 
FT+ Insulin 
Insulin 
The incorporation of glucose-U- 14C, following fructose 
supplementation of the diet, into glyceride-glycerol 
and glyceride-fatty acids in epididymal adipose tissue 
of progeny from control and protein-deficient damsCl) 
ABSORPTIVE STATE 
10 week old progeny 30 week old progeny 
Glycerol Fatty Acids Glycerol Fatty Acids 
334 ± 23 
216 ± 18 
333 ± 20 
209 ± 15 
823 ± 31§ 
351 ± 10§ 
620 + 21§,'r 
328 ± 12§ 
mµ moles glucose/106 cells/2 hr. 
309 ± 20 
63 ± 2 
317 + 17 
64 + 3 
2833 ± 84§ 
49 6 + 25§ 
1231 + 89§,'r 
227 + 21§,\-
352 ± 15 
307 + 12 
375 + 13 
312 + 12 
581 ± 17§ 
432 + 16§ 
479 + 14§,\-
327 + 20,'d;-
12.2 + 2.1 
6.0 ± 1.6 
11.3 ± 1.9 
6.1 ± 1.3 
49.0 ± 5.2§ 
! 
39.1 ± 4.3§ 
2 7. 2 ± 2. 2§ ')\--;';-
2 2 . 0 + 1 . 8§ ,b';-
24-HOUR FASTED STATE 
501 + 27 
385 + 19 
471 ± 31 
352 ± 20 
891 ± 29§ 
554 ± 23§ 
683 ± 31§,'r 
501 + 21§ 
81 + 12 
18 + 3 
78 + 8 
12 ± 3 
1102 
108 + 
+ 32§ 
5§ 
410 ± 17§,'r 
60 + 4§,'r 
347 + 22 
281 ± 14 
298 ± 11 
24 7 + 16 
3.2 ± 0.8 
1.6 ± 0.1 
2.9 + 0.1 
1.7 ± 0.2 
592 + 22§ 12.5 ± 1.1§ 
421 + 17§ 8.1 ± 1.0§ 
501 + 19§** . . 6.2 ± 0.5§* 
329 + 13§§* 4.3 ± 0.3§** 
(1) Mean± 1 S.E.M. for groups of eight rats 
(2) C Control progeny ; no fructose supplement 
T Progeny of protein-deficient dams; no fructose supplement 
FT Fructose- fed, test progeny 
FC Fructose- fed control progeny 
Significant differences between control and test progeny ** p < 0.01 
,';- p < 0. 001 
Significant differences between fructose supplemented and chow-fed 
groups §§ p < 0.01 
§ p < 0.001 
l 
TABLE 4-V 
Group(4) 
The effect of insulin on glucose-U- 1 4 C incorporation into glyceride-glycerol and glyceride-fatty acids of 
adipose tissueCl) 
ABSORPTIVE STATE 
10 weeks old 30 weeks old 
Glycero 1 Fatty Acid Glycerol Fatty Acid 
Insul in - Basal 
Insulin-BasalxlOO 
Basa l Insulin- Basa 1 
Insulin-BasalxlOO 
Basal Insulin- Basal 
Insulin-BasalxlOO 
Basal Insulin-Basal 
Insulin-BasalxlOO 
Basal 
(2) ( 3) 
C 118 ± 8 54 246 ± 13 390 45 ± 3 14 6 . 2 ± 1.7 103 
T 124 ± 6 59 2 53 ± 16 395 63 ± 7 20 5.2 ± 0.3 85 
FC 472 ± 12 134 2337 ± 31 471 149 ± 11 34 10.0 ± 2 .3 26 
FT 292 ± 7-:, 89 1004 ± 29,'< 442 152 ± 10 46 5.0 ± 0.9 23 
24 -HOUR FASTED 
C 126 ± 9 33 63 ± 5 350 66 ± 6 23 1.6 ± 0.4 100 
T 119 ± 7 34 66 ± 4 550 51 ± 5 21 1.2 ± 0.2 71 
FC 33 7 ± 11 61 994 ± 13 920 171 ± 10 41 4 .4 ± 0.5 54 
FT 182 ± 9* 3 6,', 3 50 ± 1 Q,\- 583* 172 ± 8 52 1.9 ± 0.4*•'- 44 . 
(1) Mean ± 1 S.E.M . for groups of eight rats. ( 2) 6 Nanomoles of gl ucos e/ 10 cells/2 hr. (3) Statistics for% values were carried out using 
the logarithms of the values whose means are shown in the t able in orde r to normalise the distribution. 
(4) C Control progeny; no fructose supplement 
T Progeny of protein -d eficient dams; no fructose supplement 
FC Fructose-fed, control progeny 
FT Fructose-fed, test pro geny 
Significant differences between control and test progeny, ** p < 0.01 
* p < 0.001 
TABLE 4 ~VI Lipoprot ein lipase activity in epididyrnal adipose 
tissue of control pro geny and progeny of protein-
deficient darns after fructose supplementation of 
the dletCl) 
(2) Group Lipoprotein lipase activity 
C 
T 
FC 
FT 
µmoles glycerol/hr 
/1 06 cells 
1 . 83 7 ± 0 . 16 6 
1 . 798 ± 0.107 
2.028 + Oe245 
1 0 8 03 ± 0 0 244 
/total fat pad 
18.89 + 1.61 
10. 9 2 ± 1 . 08-lo,_. 
21.12 + 1.52 
10.49 + l.07·k 
(1) Mean ± 1 S.E . M. for groups of eight rats 
(2) C Control progeny ; no fructose supplement 
T Progeny of protein- deficient . darns ; no fructose 
supplement 
FC Fructo&e- fed ~ control progeny 
FT Fructose - fed, test progeny 
Significant differences between control and test progeny, 
-;'h~ p < 0 0 01 
k p < 0 . 001 
d 
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significantly, though to a similar extent, in both groups following 
fructose supplementation. The rise in plasma triglyceride concentration 
was more evident in the older rats. Plasma cholesterol and blood 
glucose levels were similar in control and test groups of both ages 
and were not altered by fructose feeding. 
(b) Incorporation of Glucose into Total Lipids 
The in vitro incorporation of glucose-U- 14C into total lipids 
of epididymal adipose tissue from animals in the absorptive state is 
shown in Table 4-III. Incorporation into total lipids per cell was 
the same in chow-fed control and test groups. However with fructose 
feeding, the basal and insulin-stimulated incorporation of 
glucose-u- 14c into total glyceride s was significantly greater in the 
control than in the test groups. Older rats exhibited the same 
trends as younger rats but total incorporation was of a significantly 
lower order. 
Table 4-IV shows the incorporation of glucose-U- 14C into 
glyceride-glycerol and glyceride-fatty acids of epididymal fat pads 
in the various test and control g roups. 
(c) Incorporation of Glucose into Glyceride-Glycerol 
The Absorptive State 
(i) Differences between Control and Test Progeny 
Incorporation of glucose into glyceride-glycerol was similar 
in chow-fed control and test progeny at both ages and in both the 
basal and insulin-stimulated states. Although there were no differences 
between 10 week-old, fructose-fed control and test progeny in their 
basal glucose incorporation, the insulin-stimulated incorporation was 
significantly higher in the control group (p < 0.001). In the 30 week-
old pro geny both basal (p < 0.01) and insulin-stimulated (p < 0.001) 
• 
incorporation was greater in t he control group. 
(ii) Differences between Chow-fed and Fructose-fed Progeny 
In both test and control progeny, fructose feeding increased 
the incorporation of glucose into glyceride-glycerol 50-100%. In 
10 week old control and test progeny, and in 30 week old control 
progeny both basal and insulin-stimulated incorporation was 
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increased. In the presence of insulin, in both groups and at both 
ages, the absolute and percentage increments were significantly higher 
in fructose-fed than in chow-fed rat s. 
(iii) Differences due to Insulin 
Insulin stimulated the incorporation of glucose into glyceride-
glycerol in each of the chow-fed and fructose-fed, test and control 
groups by a factor ranging from 14-134%. Table 4-V shows the values 
for glucose incorporat ion expressed as insulin-basal and [insulin-
basal x 100/basal] which were derived from the data in Table 4-IV. 
There were no differences between the chow-fed test and control 
progeny. However, in the younger, but not in the older, fructose-
fed groups both the absolute and percentage incremenrnwere significant ly 
greater in the control progeny than in the test progeny (p < 0.001). 
In the presence of insulin, the contribution of glyceride-glycerol 14c 
to total lipid 14c fell from 80% to 50% in the younger control and 
tes t progeny whereas in the older rats glyceride-glycerol 14c accounted 
for nearly all total lipid 14c both in the presence and absence of 
insulin. 
(iv) Differences due to Age 
The differences between the two age groups have been described 
above: glucose was incorporated virtually only into glyceride-glycerol 
in the older rats; fructose stimulation of basal glucose incorporation 
into glyceride-glycerol did not occur in older test progeny; there was 
d 
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no difference between older control and test progeny in the effect of 
insulin or glucose in incorporation into glyceride-glycerol and the 
responsiveness to i nsulin was lower in the older groups. 
The Fasted State 
Findings specific to the fasted state were a significantly 
lower insulin-stimulated incorporation into glycerol in older , chow-
fed test progeny when compared to control progeny and a significant 
fructose stimulation of basal glucose incorporation into glycerol in 
the older test progeny. 
(d) Incorporation of Glucose into Glyceride-Fatty Acid 
The Absorptive State 
(i) Differences between Control and Test Progeny 
As with the incorporation into glyceride-glycerol, there was 
no difference in basal or insulin-stimulated incorporation into 
fatty acids between chow-fed control and test progeny at either age. 
In both young and old fructose-fed groups, however, the basal and 
insulin-stimulated incorporation of glucose into glyceride-fatty acids 
was significantly higher in the control progeny. 
(ii) Differences between Chow-fed and Fructose-fed Progeny 
In both control and test progeny, fructose feeding increased 
the incorporation of glucose into glyceride-fatty acids. In the young 
p rogeny there was a 10 fold increase in insulin-stimulated fatty acid 
synthesis in control progeny but only a 4-5 fold increase in test 
progeny. In the younger progeny, fructose feeding significantly 
increased the absolute but not the percentage incorporation of glucose 
in the presence of insulin (see Table 4-V). However in the older 
progeny fructose did not augment insulin-stimulated glucose conversion 
to fatty acids. 
d 
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(iii) Differences due to Insulin 
As shown i n Table 4-V, insulin stimulated the incorporat i on of 
glucose into glyceride-fatty acid by a factor ranging from 23-920%. I n 
the chow-fed g roups t here were no differences between control and test 
progeny. In the young, but not in the old fructose-fed progeny, the 
absolute increase in incorpo ration of glucose into glyceride-fatty acid 
was significantly higher in the control progeny. In the young rats, 
the addition of insulin increa sed the contribution of glyceride-fatty 
acid 14C to total lipid 14C from 20 to 50% in the chow-fed group, and 
from 50% to 75% in the fructose-fed group. In the older groups, 
conversion of glucose to fatty acid was negligible. 
(iv) Differences due to Age 
Most of the age effects on glucose incorporation into fatty acids 
have been mentioned above but the most striking is the very low fatty 
acid synthesis seen in these animals and their low response to insulin 
when compared to the younger animals . 
The Fasted State 
Similar trends were observed in the fasted state but both basal 
and insulin-stimulated values for incorporation of glucose into glyceride-
fatty acids were markedly reduced. In fasted, fructose-fed rats, both 
absolute and percentage increments were significantly greater in the 
presence of insulin in young control progeny than in test progeny. In 
older, fructose-fed rats, the absolute increment due to insulin was 
also significantly lower in test progeny. 
In summary, in vitro lipogenesis was similar in chow-fed control 
and test progeny both ba s ally and in the presence of insulin when 
expressed in terms of glucos e -U- 14c incorporation into glyceride-glycerol 
and glyceride-fatty acid per cell. However, in fructose-fed rats, the 
stimulation brought about by fructose was significantly less in the t est 
progeny. 
• 
(e) Lipoprotein Lipase Activity 
Lipoprotein lipase activity per ce ll was similar in cont rol 
and test progeny both with chow and fructose feeding (Table 4-VI). 
4. DISCUSSION 
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In both man and rat, adipose tissue grows initially, as do 
most organs, by an increase in the number of cells; this is followed 
by a period when both the number and size of the cells increase and 
finally by a stage of cellular hypertrophy alone. The number of 
adipocytes appears to be constant during adult life and probably 
cannot be changed by dietary manipulation (Hirsch and Han, 1969). 
Changes in the size of the adult fat depot are, therefor~ mediated by 
changes in cell size which fluctuate in response to changes in 
nutritional state. However, permanent changes in the weight of fat 
pads and in the number and size of adipocytes have been demonstrated 
1n rats weaned in very large litters (Knittle and Hirsch, 1968) and 
in progeny suckled by protein-deficient dams ( Knit tle, 1972) as well 
as in offspring of dams rendered protein- deficient during gestation 
(Chapter 2). 
The permanent deficit in body and organ weight in offspring 
of deficient dams has been attributed to an effect on cell division 
(Winick and Noble, 1966) though, in most organs, cell size is not 
permanently affected (Zeman, 1970; Chapter 2). The specific effect 
on adipocyte size is probably due to that tissue's extreme sensitivit y 
to calorie deficiency. In the test progeny used in this study, these 
permanent effects are not due to a self-regulated reduction in food 
intake in later life (Chapter 3, Part I) but these animals do exhibit 
nitrogen wastage probably as a result of deranged protein metabolism. 
Whatever the mechanism producing such effects, the fact that 
differences in lipid content per cell are produced by early protein 
d 
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malnutrition raised the possibility of concomitant changes in lipid 
metabolism. Several studies have demonstrated increased incorporation 
of glucose into glyceride-glycerol or total triglyceride in enlarged 
adipocytes (Goldrick et al., 1972; Girolamo and Mendlinger, 1969; 
Goldrick and McLaughlin, 1970; Vinten and Gliernann, 1970; Bjorntorp 
and Karlsson, 1970; Smith , 1971; Zinder et al., 1967; Salans and 
Doherty, 1971). On the other hand, Knittle and Hirsch (1968) using 
rats which had been reared in l itters of different sizes and 
consequently had different cell sizes, found that basal glucose 
incorporation into triglyceride and CO2 proceeded at equal rates 
regardless of cell size, age or previous dietary experience. Knittle 
(1972) demonstrated that both basal and epinephrine-stimulated 
lipolysis was higher in the larger fat cells of older rats. However, 
he found that the differences in adipose cell size between progeny 
of normal darns and progeny of dams rendered protein-deficient during 
lactation were not of significant magnitude to produce significant 
differences in lipolytic a~tivity per cell. 
In this study, in utero protein malnutrition resulted in 
- . 
progeny with significantly smaller adipocytes but, like Knittle (1972) 
no effect of such early dietary manipulation on subsequent lipid 
metabolism within adipocytes was found in chow-fed progeny. Total 
adipose tissue metabolism was, however, affected in so far that the 
t otal number of adipocytes was reduced. Despite differences in cell 
size, glycerol synthesis from glucose in 30 week old animals was not 
markedly different from that of the corresponding 10 week old groups. 
However, fatty acid synthesis was diminished in the older groups with 
larger fat cells. This was probably a function of age rather than 
cell size (Goldrick et al., 1972). 
Fructose feeding was introduced in an attempt to stress the 
lipogenic mechanism. The precise manner in which fructose leads to 
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hypertriglyceridaernia is not clear. 1 However, increased acetyl-CoA 
and alpha-glycerophosphate production and induction of lipogenic 
enzymes have been reported (Alexander et al., 1966; Allrnann et al., 
1965; Tepperrnan and Tepperrnan, 1958). The possibility of decreased 
removal and utilisation of plasma triglyceride fatty acids has also 
been raised (Bar-On and Stein, 1968; Webb et al., 1970). 
In this study, plasma triglyceride levels were significantly 
raised by the addition of a 20% fructose supplement to the drinking 
water for 2 weeks. The elevation was the same in progeny of control 
and protein-deficient darns but was much greater in 30 week-old than 
10 week-old progeny. This latter finding supports the work of Hill 
(1970) and Chevalier et al. (1972a) who have reported an age-dependent 
response of plasma triglyceride concentration to fructose-feeding. 
Fructose-feeding did not influence the plasma cholesterol or blood 
glucose concentrations. 
Fructose feeding also caused an increase in the rate of in vitro 
incorporation of glucose-u-l4 c into glyceride-glycerol and glyceride-
fatty acids in epididymal fat adipocytes. The rate was, however, 
significantly lower in the progeny of protein-deficient darns. As 
the studies were carried out in vitro, it is unlikely that this lower 
response reflected lack of substrate. It is possible, however, that 
either membrane transport (e.g., of glucose) or lipogenic enzymes 
within the cell, or both,have been affected by in utero malnutrition 
and cannot be subsequently induced or activated to a normal degree. 
Other workers have shown decreased enzyme concentrations and activities 
in various tissues such as liver, gut, kidney and brown fat cells in 
newborn rats rendered protein-deficient in utero (Shrader and Zeman, 
1. A simplified scheme of the conversion of glucose to triglyceride is 
shown in Figure 4-III and the effect of high carbohydrate feeding 
on this pathway in Figure 4-IV. 
• 
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1969). It has not been established whether such enzymatic and 
functional abnormalities persist after a pe riod of normal nutrition 
but one metabolic abnormality that does pe r sis t is a lowered 
concentration and activity of pituitary growth hormone (Stephen et al o, 
1971). 
As well as exhibiting diminished rates of lipogenesis following 
fructose feeding, the adipocytes of the younger test pro geny were less 
responsive to insulin than were those of cont rol s. The reduced 
responsiveness to insulin cannot be directly re lated to diffe rences in 
cell size as the chow- fed test and control progeny had simila r insulin 
responsiveness despite differences in cell size o 
As found by Bar- On and Stein (1968), fructose feeding did not 
stimulate lipoprotein lipase activity in individual adipocyteso 
However, since the total number of cells was reduced in progeny of 
protein-deficient dams, there would have been a reduction in total 
lipoprotein lipase activity in body adipose tissue o 
These in vitro findings do not explain the simila r fructose = 
induced hypertriglyceridaemia in both c ontrol and test progeny . 
Although adipose tissue is normally a major site of lipogenesis in 
the rat, (Katzen and Shrimke, 1965 ; Adelman et al., 1966) it has 
been suggested that because of the lack of fructokinase in adipose 
tissue (Adelman et al., 1967) there is a shift in the major site of 
lipogenesis from the adipose tissue to liver in fructose =fed animals 
(Chevalier et al., 1972b). Studies on the effect of fructose feeding 
on liver lipogenesis in these pro geny are reported in Part II of this 
chapter. 
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5. SUMMARY 
When female rats are fed a protein-deficient diet 
(6% protein) for 2 weeks prior to and during gestation, the offspring 
exhibit deficits in body weight, epididyrnal fat pad weight and in the 
size and number of adipocytes , which cannot be corrected by an 
adequate post-natal diet. However, the plasma cholesterol, triglyceride 
and glucose concentrations are similar in progeny of normally fed and 
protein-deficient darns. 
The addition of 20% fructose in the drinking water for 2 weeks 
produced similar rises in the plasma triglyceride concentration in 
both groups of progeny. With chow- feeding alone the in vitro 
incorporation of glucose into glyceride-glycerol and glyceride=fatty 
acid per adipocyte was similar in the two groups of rats. However, 
since the progeny of protein- deficient darns had fewer total adipocytes j 
total lipogenesis was significantly lower . Fructose feeding stimulated 
incorporation of glucose into both glyceride=glycerol and glyceride -
fatty acid, but the incorporation was significantly less in the test 
group both in terms of total tissue and per adipocyte . Release of 
adipose tissue lipoprotein lipase was similar in the two groups when 
expressed in terms of unit numbers of adipocytes and was unaffected 
by fructose feeding. 
PART II: STUDIES OF IN VITRO LIPOGENESIS IN LIVER AND IN VIVO 
LIPOGENESIS IN - LIVER AND ADIPOSE TISSUE FOLLOWING 
FRUCTOSE FEEDING 
1. INTRODUCTION 
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In Part I of this chapter it was shown that the incorporation 
of glucose-u- 14c into epididymal adipose tissue lipid per cell was 
significantly lower in the offspring of protein ~deficient dams than 
in control rats following fructose feeding . Despite this difference , 
fructose feeding elevated plasma triglyceride to the same extent in 
test and control progeny and lipoprotein lipase activity per adipocyte 
was found to be similar in the two groups. Since it has been 
suggested that there is a shift in the major site of lipogenesis from 
adipose tissue to liver following fructose feeding (Chevalier et al., 
1972b), the incorporation of glucose - U- 1 4 C and acetate - 1=14c into 
liver lipids was measured in vitro using liver slices from chow=fed 
and fructose - supplemented control and test progeny. The in vivo 
incorporation of glucose - U=1 4 C into liver and adipose tissue lipids 
was also measured. 
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2 . METHODS AND MATERI ALS 
Male offspring of dams t hat had been fed a p r o tein- deficient 
diet (6%) during gestation, as described previ ously (Ch ap ter 2) were 
fed, ad libitum, on corrnnercial laboratory chow (Tab l e 3-I) until the 
age of 8 weeks. At this age , the pro geny we re subdiv ided and one 
group received a supplement of 20% (w/ v) fruc t ose in the drinking 
water for two weeks . The animals were decapitated at 10 a .m. after 
chow and fructose had been removed at 8 a .m. Blood was collected 
into heparinised tubes for measurement of plasma trig l yceride and 
cholesterol (Technicon II autoanalyse r methods ). Th e l ive r was 
immediately excised , chilled and weighed and portion s we r e frozen 
and stored in aluminium foil for protein (MacKenzie & Wall ace , 1952) 
and DNA (Schneider, 1957) estimations . Live r triglyceride and 
cholesterol concentrations were measu r ed wi t h a Technicon II 
autoanalyser following extraction of lip i ds ·n i sop r op ano l/heptane 
lN sulphuric acid (40/10/1) and subsequent s eparati on by t h in=layer 
chromatography using the solvent sys t em hexane/ di e thy l ethe r/methanol / 
acetic acid (180 :40:6:4). 
(a) In vitro Studies 
The left lateral lobe o f the liver was s liced by hand and 300= 
400 mg of tissue were distributed at random to each of 4 incubation 
flasks containing 3 ml of Krebs - Ringe r bicarbonate buffer (Umbreit 
et al., 1964). The buffer was made up wi th one h a lf the recommended 
calcium ions and contained 2 mg/ ml gluc ose ( app r ox. lOmM). The pH 
was adjusted to 7.4 with s a turat ed sodium b icarbonate under an 
atmosphere of 95% 02 : 5% CO 2 • To two of the s e flasks were added 
0.45µCi of glucose- U- 14C ( 230mCi/mM) 1 whi l st 0 .45µCi acetate - l - 1 4 c 
1. The Radiochemical Cen t r e, Ame r sham, England. 
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(50mCi/rnM) 1 and 2 .46 mg sodium acetate (lOrnM) were added to the other 
two. 0.1 unit of insulin2 was added to one of each of the glucose 
and acetate flasks. The incubations were carried out for 2 hours3 
at 37° in a shaker water bath set at 90~1 00 cycles/min. Afte r 
incubation, the slices were washed several times in cold, distil led 
water to remove excess isotope and excess moisture was absorbed with 
filter paper. The pieces were weighed and homogenised in 10 ml, 
2:1, choloroform:methanol (v/v) . The extracts were left overnight, 
filtered and the phases separated wi th 0 . 9% NaCl according to the 
method of Folch et al . , (1957). An aliquot of the chloroform phase 
was assayed for radioactivity and the remainder was reduced to dryness J 
taken up in 1 ml of hexane and the lipids separated by thin layer 
4 
chromatography on silica gel using the solvent system described above , 
The separated lipid bands were eluted with diethyl ether and aliquots 
were assayed for radioactivity. An aliquot of the triglyceride ext ract 
was also saponified to determine the radioactivity present in the 
glyceride- fatty acids (Goldrick, 1967a), Glyceride=glycerol radio= 
activity was then estimated from the difference between total 
triglyceride and triglyceride fatty-acid radioactivity. 
(b) In vivo Studies 
The various groups of rats were fed in the manner described 
for the in vitro experiments . However , since rats feed nocturnally , 
the studies were carried out at 10=1 1 p .m. allowing the rats to have 
free · access to chow or fructose during the experiments. 
1. The Radiochemical Centre, Amersham, England. 
2. Glucagon-free procine insulin: Eli Lilly & Co., Indiana, U.S . A. 
3. Incorporation was linear with time from 15 minutes to 2~1/2 hours 
(see Figure 4-V). 
4. Silica gel G: Merck, Germany. 
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3µCi glucose-U- 14C (230mCi/mM) 1 for each 100 gm body weight wa s 
dissolved in 0.5 ml saline and injected into a tail vein . Half an 
2 hour later, the rats were killed by cervical dislocation and the 
liver and epididyrnal fat pads excised immediately and weighed o 
Approximately 1 gm of liver was extracted in 20 ml, 2 ~1, chlor oforrn ~ 
methanol (v/v) and the lipid was dried and measured gravimetrically . 
Known aliquots of the lipid extracts were radioassayed and other 
aliquots were saponified with lN KOH at 60° for 1 hr. for 
determination of radioactivity in the fatty acids. 
Lipids of each left epididyrnal fat pad were ext r acted in 50 ml 
isopropyl alcohol/heptane/lN sulphuric acid (40 : 10 ~1 v/v) 9 (Dole and 
Meinertz, 1960) and the phases were separated by adding 30 ml heptane 
and 30 ml water. An aliquot of the heptane phase was taken for 
measurement of total lipids (Skidmore & Ent enman, 1962) and of radio= 
activity in glyceride- glycerol and glyceride=fatty acid after 
saponification, as described above . The right epididyrnal fa t pad was 
incubated for 1 hr at 37° in 3 ml Krebs~Ringe r bica r bonate buffer 
3 
containing 6 mg collagenase and the size of adipocytes was estimated 
according to the method described in Chapter 2. 
Incorporation of glucose=U=1 4c into lipids in vivo has been 
expressed in terms of radioactivity (a) in total tissue, (b) pe r 
unit weight and (c) per unit number of cells . 
1. Xhe Radiochemical Centre, Arnersham, England. 
2. Incorporation was linear with time from 5 minutes to 1 hour 
(see Figure 4-VI). 
3. Collagenase : Worthington Biochemical Corporation : Freehold, 
N.J., U.S.A . 
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(c) Radioassays 
Radioassays were carri ed ou t in a l iquid sc i ntillation coun e r 
using a phosphor scintillation fluid : (t o l uen e , 1 l ; 2 , 5 
- Diphenyloxazole, 4g ; 1, 4 - bis [2= (5 ph enoxa zo lyl)] = Benzene, 
0.05g). For the in vitro studies, t he quant i t i es o f glu cos e or 
acetate incorporated were calculated by dividing the sp ecif i c activity 
of glucose or acetate in the incubati on medium i nto the r a d i oactivi t y 
of the products . Preliminary studies had es t abl i shed tha t the s pecific 
activity of glucose in the incubation medium did n ot al ter significantly 
during the 2 hr period of inc ubation . 
3 . RESULTS 
As shown in Table 4 - VII body and live r we i gh t s of test progeny 
were significantly lower tnan those of controls . Fructos e supple~ 
mentation of the diet resulted in a lower f ina l body wei ght which has 
previously been shown to be due to a r educed t o tal calorie in t ake 
(Part I). Liver cell size was un affected · e i t her by early malnutri tion 
or by fructose feeding but cell numbe r was s ignific antly d i minished 
in test progeny. Plasma triglyce r ides we re similar in the test and 
control progeny and were elevated t o a s i milar extent f o llowing 
fructose feeding . Both the tri g lyceride and c holesterol concent r a t ions 
in the liver were elevated followin g f r uc to s e feeding b u t to the same 
degree in test and control pro geny. 
(a) . In vitro Studies 
Table 4-VIII shows t h e in vitro incorporation per 10 0 mg ti ssue 
of acetate- l- 14C and glucose~U- 14c into tota l liver lipids. There was 
no difference between chow-fed test a n d c ontrol p rogeny in eithe r 
acetate or g lucose incorporation pe r uni t we ight o f tissue ; since 
the ratios o f cell number to liver weight were simil ar in control 
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and tes t progeny , t he va l ues r e f l e c t t he metabolism p er cell . ( The r e 
were approximately 40 x 106 cells/100 mg we t we i ght o f liver tissue o) 
Fructose feeding significant l y inc r eas ed t o ta l i ncorpo r ation 
but to a similar e x tent in control and tes t p rogeny . Ins ul in added 
in vitro did not significantly affect t h e incorporati on o f either 
acetate or glucose into total lipids al t hough the re was a trend in 
the direction of greater incorporation o 
The distribution of acetate- l -l4 c a n d g luc ose =U= l 4 c l abel 
amongst the lipid classes in the liver is shown in Table 4 =IX. No 
significant differences were obse r ved between chow- f ed test and 
control progeny in the incorporation of ei t he r acetat e o r glucose 
into any of the lipid classes . Nei t he r we r e the re a ny sign ific ant 
differences between the two fructose-fed g r oup s . 
In chow- fed animals, just under half t h e t o t al rad ioac tivi ty 
was recovered in phospholipid . Format i on of phospho lipid was not 
affected by insulin but was significantly enhanc ed by fruc tose 
feeding. Incorporation of radioactivity into fr ee f a tty acids and 
cholesterol ester was minimal . In contras t t o the fi n d i n gs with 
esterified cholesterol , incorporation into f r ee ch o le s tero l was 
stimulated by fructose feeding although i nsu l in d id n o t p roduce an 
additional effect . It is likely however tha t the free cho lester ol 
was contaminated with some di g lyceride which h as a similar RF in the 
system employed . This fraction accounted fo r 12% of the total liver 
radioactivity in the chow-fed groups bu t on l y 6% fol lowi ng f r uctose 
feeding. 
The effect of insulin ( in vi tro ) and fru cto s e (in vivo) was 
seen most strikingly in the incorpo r a t ion of acetate and glucose int o 
triglyceride. In the chow- fed group, when the liver slices were 
incubated in the presence of insulin, app r oximately 5 0% of t h e radio= 
•. 
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Group Body Weight 
g 
TABLE 4-VII Body weight, liver weight, cell size and number, liver and plasma lipids in progeny of 
protein deficient and control dams following fructose supplementation of the diet (1) 
Liver Weight Cell size 
g prot ein/ 
g DNA 
Cell number Plasma 
g 
X 108 Triglyceride Cholesterol Triglyc eride 
mg DNA/ 6 .2 
Liver 
Cholesterol 
µµg mg/lOOml mg/g wet weight 
C 
T 
FC 
FT 
241 ± 3.2 
180 ± 2 .9* 
.228 ± 3 . 3 
164 ± 2. 3,,.. 
9.81 ± 0.89 
6. 89 ± 0. 9 5**'\-
9. 06 ± 0. 71 
6 .16 ± 0. 65,h'r 
(1) Mean ± 1 S.E.M. for groups of eigh t rats 
112 ± 3.4 
110 ± 3.2 
109 ± 2 .9 
113 ± 3.6 
C Control progeny; no fructose supplement 
40.13 ± o. 63 
2 7 . 7 6 ± 0 . 3 5* 
38.76 ± 0.52 
2 5 . 12 ± 0 . 3 7* 
T Progeny of protein-deficient dams; no fructose supplement 
FC Fructose-fed, control progeny 
FT Fructose-fed, test progeny 
Significant differences between control and test progeny )\-,h\-
·k;': 
)~ 
Significant differences between chow and fructose fed progeny §§§ 
§§ 
§ 
67 ± 5 48 ± 3 10.37 ± 1.30 1.53 ± 0.15 
65 ± 4 49 ± 3 10.52 ± 1.52 1.69 ± 0. 20 
162 ± 6§ 54 ± 4 18. 23 ± 2.01§§ 3 .56 ± 0.61§§ 
159 ± 4§ 55 ± 4 17 .97 ± 1.91§§ 3.43 ± 0.37§§ 
p < 0.05 
p < 0. 01 
p < 0. 001 
p < 0.05 
p < 0.01 
p < 0.001 
, 
TABLE 4 - VIII In vitro incorporation of acetate- l - 14c or 
glucose - U~ 14c into total liver lipids 
following fructose feeding in progeny of 
control or protein deficient (test) darnsCl) 
(2) 
Group Acetate Glucose 
nanornoles utilized/100 mg tissue/2hr. 
C + Insulin 68.2 + 6.5 20 . 28 + 2. 03 
- Insulin 60.1 ± 6.1 17.28 + 2.42 
T + Insulin 63. 7 ± 5.7 21.72 ± 2. 04 
~ Insulin 48.7 + 5.9 18.44 + 3.21 
FC + Insulin 210. 3 + 10.9§ 77.72 + 7 . 63§ 
-
Insulin 183.4 ± 9. 8§ 51.92 ± 9. 91§ 
FT + Insulin 213.8 ± 1106§ 7 6 .12 + 7.92§ 
- Insulin 184.8 ± 8.9§ 52 .44 ± 7. 87§ 
(1) Mean± 1 S.E.M. for groups of eight rats. 
(2) C Control progeny, no fructose supplement 
T Progeny of protein~deficient darns; no fructose 
supplement 
FC Fructose-fed, control progeny 
FT Fructose~fed, test progeny 
Significant differences between chow-fed and fructose-fed 
groups § p < 0.001 
TABLE 4-IX In vitro incorporation of acetate-l-i4 C or glucose-U-i 4 C into liver lipids of progeny of control 
or protein deficient dams (test) following fructose feeding (1) 
Group (2) Phospholipid Free Fatty Acids Free Total Triglyceride Triglyceride Cholesterol 
Cholesterol Triglyceride Fatty Acids Glycerol Ester 
ACETATE: nanomoles utilised/100 mg tissue/2hr, 
C + Insulin 29.9 ± 4.2 0.74 ± 0.06 7 .41 ± 1. 01 28.9 ± 4.3 27.6 ± 3.6 1.25±0.07 
- Insulin 39.5 ± 5.8 0.57 ± 0.08 8.42 ± 0.93 10.4 ± 1.6** 10.2 ± 2,1* 1.15 ± 0.05 
T + Insulin 26.9 ± 3.7 0.60 ± 0.05 6.25 ± 0.59 28.7 ± 3.2 28. 0 ± 3. 0 1.20 ± 0.07 
- Insulin 30.2 ± 2.9 0.57 ± 0.07 6.28 ± 0.81 10.l ± 1.8* 9.7 ± 1.9* 1.59 ± 0.09 
FC + Insulin 64.7 ± 4.8§ o. 75 ± o. 08 11.41 ± l.09§§§ 132.0 ± 5.1§ 128.7 ± 4,7§ 1.39 ± 0.12 
- Insulin 68.7 ± 3.9§ 0.59 ± 0.08 12.87 ± 0.81§§ l 00 . 3 ± 2 . 2§ * 98.8 ± 3.6§* 1.24 ± 0.09 
FT + Insulin 60. 0 ± 3. 7§ o. 71 ± 0.09 13 .12 ± l.23§ 138 : 4 ± 3 .6§ 133.8 ± 3.2§ l. 53 ± o. 07 
- lnsulin 60.8 ±3.6§ 0.52 ± 0.06 11.77 ± 2.01§§§ 109.5 ± 2.3§* 96.9 ± 5.1§* 2.18 ± 0.15 
GLUCOSE: nanomoles utilised/100 mg tissue/2hr. 
C + Insulin 7 .80 ± 0.32 o. 64 ± 0.08 l.78 ± 0.16 9.64 ± 0.20 3 .24 ± 0.16 6.40 ± 0.32 0.32 ± 0.04 
- Insulin 10.44 ± 1.87 0.56 ± 0.12 1. 76 ± 0. 08 4 .28 ± 0.24* 1.24 ± 0.08* 3 .04 ± 0.24* 0.24 ± 0.08 
T + Insulin 9.96 ± 2.10 0.60 ± 0.22 l. 76 ± 0.12 9 .20 ± 0.28 3 .28 ± 0.20 5 .92 ± 0.32 0.20 ± 0.04 
- Insulin 12.44 ± 1.89 0.36 ± 0 .08 1.44 ± 0.08 4 .oo ± 0.32* 1.08 ± 0.12* 2 .92 ± 0.40* 0.20 ± 0.12 
FC + Insulin 20.12 ± 1.7§ o.64 ± 0.12 3.80 ± 0.20§ 51.32 ± 4 .12§ 27 .40 ± 3 .20§ 23.92 ± 2.52§ 0. 36 ± 0 . 04 
- Insulin 17.64 ± 2.9 0.68 ± 0.08 3 .88 ± 0.24§ 29 .56 ± 4 .Ol**§ 15.04 ± 1.68**§ 14 .52 ± 1.28**§ 0.26 ± 0.07 
FT + Insulin 2 0. 04 ± l . 6§§ o. 76 ± 0.16 3 .32 ± 0.16§ 51.72 ± 4.84§ 27.88±1.72§ 22.84 ± l.84§ 0 .28 ± o. 08 
- Insulin 20.20 ± 2.8 0.56 ± 0.14 3 .40 ± 0.12§ 28.04 ± 3.82**§ 14 .84 ± 1.40*§ 13 .20 ± 1.48*§ 0.24 ± 0.05 
(l) Mean ± l S,E.M. for groups of eight rats (2) C Control progeny; no fructose supplement 
T Protein deficient progeny; no fructose supplement 
FC Fructose-fed, control progeny 
Significant differences between chow-fed and fructose-fed groups 
Significant differences due to insulin 
FT Fructose-fed, test progeny 
§§§ p < 0.05 
§§ p < 0.01 
§ p < 0.001 
** p < 0.01 
* p < 0.001 
' •. 
GROUP (2) 
C 
T 
FC 
FT 
TABLE 4-X Liver weight and total lipid and epididyrnal fat pad weight, cell size and number 
in progeny of protein deficient (test) and control dams following fructose 
feeding (1) 
LIVER WEIGHT 
g 
8.73 ± 0.05 
6.12 ± o.o4~'-
8.81 ± 0.06 
6 . 09 ± 0 . 03 ~" 
LIVER LIPID 
g/lOOg wet wt 
51.6 ± 3.6 
52.9 ± 2.9 
71.3 ± 4.1§ 
70.6 ± 3.7§ 
EPIDIDYMAL FAT PAD 
WEIGHT mg 
3,627 ± 127 
1,895 ± 53 ~" 
3,712 ± 138 
1,780 ± 49~'-
(1) Mean± 1 S.E.M. for groups of eight rats 
(2) C ·control progeny ; no fructose supplement 
EPIDIDYMAL CELL SIZE 
µg triolein 
0.285 ± 0.006 
0.173 ± 0.001~·, 
0.265 ± 0.008 
o .118 ± o. 005~·, 
T Progeny of protein deficient dams ; no fructose supplement 
FC Fructose~fed , control progeny 
FT Fructose=fed , test progeny 
EPIDIDYMAL CELL NUMBER 
xl06 
10.76 ± 0.86 
6 . 9 2 ± o . 6 o~'-
10. 31 ± 0. 63 
6.86 ± 0.6 1'>'-
Significant differences between control and test progeny 
Significant differences between chow~fed and fructose =fed p r ogeny 
~" p < 0.001 
§ p < 0 . 001 
1 
TABLE 4-XI In vivo incorporation into liver lipids and fatty acids of glucose - u- 1 4 c 
following fructose feeding in p r ogeny of control and protein deficient 
dams (test) (1) 
DPM/Total Liver DPM/g Liver Tissue 
~ 
Group (2) Total Lipids Fat ty Ac i ds Total Lipids Fatty Acids 
C 84 , 907 ± 3 , 603 62,300 ± 3 51 270 
T 58,280 ± 2 !1 379.,'( 42 :i 7 05 ± 2, 931,'( 
FC 3 21 , 9 6 5 ± 12 , 0 7 6§ 267,300 ± 9,376§ 
FT 211,707 ± 10,310*§ 177,351 ± 8,270*§ 
(1) Mean± 1 S .E.M. for groups of eight rats . 
(2) C Control progeny ; no fructose supplement 
T Progeny of protein deficient dams ; no f r uctose supplement 
FC Fructose- fed 51 control progeny 
FT Fructose- fed , test progeny 
Significant differences be t ween control and test pr ogeny 
Significant diffe r ences between chow=fed and fructose =fed gr oups 
9,726 ± 327 
9,523 ± 3 70 
36,545 ± 1, 17 0§ 
34 , 763 ± 
"'t: p < o. 001 
§ p < OoOOl 
93 7§ 
7,136 ± 295 
6,978 ± 310 
30,341 ± 1, 090§ 
28,979 ± 972§ 
•. 
TABLE 4-XII In vivo incorporation of glucose-U- 14C into epididymal adi pose ti)sue lipids following fructose feeding 
in progeny of control and protein- deficient dams (test progeny)(l 
( 2) 
Group 
Total Lipids 
DPM/Total Fat Pad 
Glyceride- Fatty 
Acids 
Glyceride - Glycerol To t al Lipids 
53,610 ± 4,710 29,360 ± 3,763 
32,939 ± 2,107** 17,943 ± 2,120*** 
24,230 ± 3,276 
14,996 ± 1,952*** 
4,982 ± 
4,760 ± 
397 
382 
C 
T 
FC 
FT 
137,563 ± 13,976§ 
58,532 ± 3,370*§ 
74,814 ± 5,769§ 
33,161 ± 3,638*§§ 
62,749 ± 6,102§ 
25,371 ± 3,767,'<'§§§ 
13,342 ± 2, 73 0§§ 
(1) 
(2) 
Mean ± 1 S.E.M. for groups of eight rats 
C Control progeny; no fructose supplement 
T Progeny of protein-deficient dams; no fructose supplement 
FC Fructose-fed, control progeny 
FT Fructose-fed, test progeny 
Significant differences between control and test progeny 
Significant differen ces between chow-fed and fructose-fed progeny 
8,520 ± 
*~~1- p < 0. 05 
** p < 0.01 
* p < 0.001 
§§§ p < 0. 05 
§§ p < 0.01 
§ p < 0.001 
193*§ 
DPM/ 106 Cells 
Glyceride- Fatty 
Acids 
2,729±187 
2,593 ± 197 
7,256 ± 183§ 
4,827 ± 98*§ 
Glyceride- Glycerol 
2,253 ± 186 
2,167 ± 109 
6,086 ± 178§ 
3,693 ± 97,~ 
activity was recovered in triglyceride and this rose to 65% in the 
fructose-fed rats. In response to fructose there was a four =fold 
increase in the absolute amount of acetate or glucose incorporated 
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into triglyceride in the presence of insulin and a seven=to =ten fold 
increase in the absence of insulin. In livers of chow=fed animals, 
one third of the triglyceride radioactivity derived from glucose was 
attributable to triglyceride-fatty acids and two =thirds to triglyceride= 
glyercol. In the fructose-fed groups, triglyceride radioactivity was 
divided equally between triglyceride-glycero l and triglyceride=fat ty 
acid. 
(b) In vivo Studies 
Table 4-X shows the liver weights , liver lipids , epididymal fat 
pad weights and the number _and size of adip ocytes in test and control 
progeny. Liver weight was significantly lower in test progeny but 
liver lipid per unit weight of tissue was the same in control and test 
progeny. In both groups liver lipid was significantly elevated 
following fructose feeding. Epididymal fat pad weight and t he numbe r 
and size of adipocytes were significantly smaller in test progeny but 
were unaffected by fructose fee-ding. 
The in vivo incorporation of glucose=U- 14C into total liver 
lipids and liver fatty acids is shown in Table 4 - XI. Incorpora t ion 
into the lipids of whole liver was signifi c an t ly higher in control 
animals both in the chow-fed and fructose-fed groups. Fructose 
feeding caused a four - fold increase in glucose~U=14c incor poration 
into total liver lipid. Similar findings were obtained for the 
incorporation into total liver fatty acids. However , when the values 
were expressed per unit weight, no differenc es were seen between 
control and test progeny either for total liver lipids or fatty acids . 
In vivo incorporation of glucose into adipose tissue lipids, 
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triglyceride-g lycerol and triglyceride fatty acids is shown in 
Table 4-XII. As with the liver, incorporation of glucose into these 
lipids was significantly greater in chow-fed control progeny than in 
test progeny when the results were expressed on a total tissue basis, 
but no differences were observed when the results were expressed per 
cell. However , following fructose feeding, the incorporation of 
glucose into lipids was significantly lower in the test progeny even 
when calculated on a per cell basis . 
4. DISCUSSION 
The major finding of this study was that intrauterine protein 
_deficiency influences adult live r lipogenesis only through its effect 
on total cell number, i.e ., lipogenesis from acetate and glucose was 
reduced only because the livers of these rats contained fewer 
hepatocytes. These findings are simila r to the earlier in vitro 
findings in adipose tissue (Part I). However, whereas the adipocytes 
of such progeny were shown to have an impaired ability to respond to 
the stimulus of fructose feeding, the hepatocytes of these rats 
-
enhanced their lipogenic capacity to the same extent as those ' from 
normal rats. 
The in vivo results confirmed the differences seen in vitro 
both in the earlier study (Part I) and in this study, between the 
ability of adipocytes and hepatocytes of test progeny to respond to 
fructose feeding. Although the size of adipocytes , as well as the 
number, is diminished by intrauterine protein deficiency, the size of 
hepatocytes is unaffected. However, it is uncertain whether the 
smaller size of adipocytes in the p r otein~deprived rats was the major 
factor leading to the reduced response to fructose feeding. Both the 
reduced cell size and the diminished lipogenic capability appear to 
be manifestations of the protein deficiency op erating through as yet 
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undefined factors. 
In the r at (Kiyasu & Cha ikoff, 1957) as well as in man (White 
& Landau, 1965), fructose is ·absorbed without appreciable conversion 
to glucose prior to being transported to the liver. - It has been 
frequently shown in the past that fruc tose feeding stimulates hepatic 
fatty acid synthesis and this may not be insulin- dependent (Samols & 
Dormandy, 1963 ; Swan et al . , 1966; Corvilain & Tagnon, 1961 ; Boda, 
1964; Herman & Zakim, 1968 ; Nikkila, 1969) . In this study, short= 
term fructose - feeding was found to significantly increase the total 
lipid, triglyceride and cholesterol levels in the liver, whereas 
liver weight and the size and number of hepatocytes were unaffected 
(Table 4 - VII). Despite the rise in the cholesterol concentration in 
the liver, the plasma cholesterol concentration was not significantly 
elevated. This is in agreement with some reports (Hill, 1970; Zakim 
et al., 1967), although a rise in the plasma cholesterol concentration 
has also been observed (Allen & Leahy, 1966) ; a discrepancy which may 
be related to the duration and intensity of the fructose feeding. 
Fructose feeding not only increased total liver lipogenesis 
but selectively altered the proportion of glucose-U- 14c or 
acetate- l - 14c that was incorporated into the various lipid classes 
(Table 4-IX). In accord with previous studies (Topping & Mayes, 
1972 ; Webb et al., 1970) fructose enhanced incorporation in o 
triglycerides to a greater extent than into phospholipids and 
chol~sterol. 
There are, as yet, few studies that have unequivocally demonst rated 
an effect of insulin on hepatic lipogenesis in vitro. Salans and 
Reaven (1966) using liver slices, studied the effect of increasing 
the glucose concentration of the incubatipn medium and of in vivo 
pretreatment with insulin. High glucose concentrations increased the 
incorporation of glucose-6- 14C into CO 2 relative to that into lipid 
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whereas in vivo . pretreatment with insulin, in the presence of high 
glucose concentrations, caused preferential incorporation into total 
lipids and triglycerides, especially triglyceride fatty acids. The 
effect of in vitro addition of insulin to the medium was not studied , 
Letarte and Fraser (1969), also using rat liver slices , found that 
the in vitro addition of insulin increased the formation of esterified 
fatty acid. Two studies using liver perfusion systems have also 
demonstrated that the in vitro addition of insulin may stimulate fatty 
acid synthesis both from glucose and acetate in livers of fasted rats 
(Haft, 1966) and may increase the incorporation of glucose=carbon 
into hepatic and lipoprotein triglyceride (Topping & Mayes, 1972). 
In the study reported here, insulin, in vitro, added to liver slices 
was shown to significantly stimulate the incorporation of glucose= 
U- 14C into triglyceride-fatty acids and triglyceride=glycerol , but 
hot into cholesterol, cholesterol ester, free fatty acid or 
phospholipid. 
In the earlier study of epididymal adipose tissue (Pa r t I), 
the adipocytes of fructose-fed, test progeny were shown to be less 
insulin-sensitive than those of fructose-fed , control animals . No 
such differences in insulin-responsiveness was apparent between 
hepatocytes from control and test progeny whether chow~fed or 
fructose-fed. 
Although adipose tissue is normally a major site of lipogenesis 
int.he rat, this tissue lacks fructokinase (Adelman et al., 1967) and 
depends on hexokinase to phosphorylate any fructose used by the 
tissue. Type II hexokinase, the predominant isoenzyme found in 
adipose tissue has a relatively high~ for fructose (3 - 4mM) (Katzen 
& Shimke, 1965) and thus the adipose tissue is presented with a 
substrate which it is able only partially to phosphorylate and utilize. 
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Chevalier, Wiley and Leveille (1972b) have suggested that a fructose = 
rich diet may result in lipogene sis occurring predominantly in the 
liver rather than in adipose tissue . Their conclusions were derived 
from the results of in vitro incubations of adipose tissue and liver 
from fructose, glucose or sucrose - fed rats , using radioactive fructose, 
glucose or acetate plus glucose as incubation substrates . The "shift " 
in the major lipogenic site was apparent using both fructose and 
glucose as precusors but not with acetat~ sugges ting that the 
adaptation probably lies in the conversion of glucose or fructose to 
acetyl-CoA. The in vivo findings reported here may support such a 
concept. In response to fructose feeding, there was a greater 
percentage increase in the in vivo incorporation of glucose=U=i 4 c 
into total liver lipids and liver- fatty acids than into adipose 
tissue lipids (Tables 4 - XI ·and 4-XII). In control progeny, for 
instance, liver lipogenesis increased four fold while adipose tissue 
lipogenesis increased only two fold. Assuming that the epididymal 
fat pads account for approximately one- sixth of the total body fat and 
that lipogenesis occurs at a similar rate in all adipocytes , then, in 
chow- fed animals, the adipose tissue would account for approximately 
76% of the lipogenesis taking place in the liver plus adipose tissue. 
Following fructose feeding, the ratio of lipogenesis in adipose 
tissue to that in liver falls to 60:40 (assuming that mobilisation of 
newly snythesized lipid from the live r has not increased) . Thus, 
although the liver appears to have become a relatively more 
important site of fatty acid synthesis from glucose, adipose tissue 
still plays a major role in total body fatty acid synthesis. These 
results do not fully explain the finding that fructose induced 
hypertriglyceridaemia was similar in test and control progeny. 
~ .. -
5. SUMMARY 
When pregnant female rats are fed a protein-deficient diet 
(6% protein) for two weeks prior to and during gestation, the 
offspring (test progeny) exhibit deficits in body weight, in liver 
weight and in the number of hepatocytes which cannot be corrected 
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by adequate post-natal feeding. The in vitro incorporation of 
acetate-l- 14c and glucose-U- 14C into the various liver lipid classes 
was studied in such progeny at the age of 10 weeks either after 
chow-feeding or following two weeks of fructose supplementation of the 
diet (20%w/v in the drinking water). Fructose feeding increased the 
incorporation of both glucose and acetate into total liver lipids. 
When the results were expressed per unit weight of tissue no differences 
were found between chow-fed, control and test progeny or fructose - fed , 
control and test progeny. However , as the liver weights were 
significantly less in the test progeny, total lipogenesis in the whole 
liver was also significantly lower. Lipogenesis in liver tissue was 
significantly stimulated by the addition of insulin to the incubation 
medium to a similar extent in control and test progeny. This is in 
contrast to the previous finding that adipocytes of test progeny were 
less responsive to insulin in vitro than those from control progeny . 
The in vivo administration of glucose-U- 14C also demonstrated 
that lipogenesis in the livers of fructose-fed rats was increased to 
a similar degree in control and test progeny. By contrast, lipogenesis 
in epididymal fat adipocytes was significantly less in the test than 
in the control progeny, following fructose feeding. 
It was concluded that intrauterine deprivation of protein leads 
to a subsequent inability of adipocytes to respond normally to the 
lipogenic stimulus of fructose feeding. On the other hand, hepatocytes 
respond normally; but since the livers of test progeny are smaller 
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their total lipogenic capacity is diminished . De spi t e these findings, 
fructose-induced hypertriglyceridaemia was simila r in test and control 
progeny. 
CHAPTER 5 
CHOLESTEROL TURNOVER IN OFFSPRI NG OF 
PROTEIN~DEFICIENT DAMS 
86 
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1. I NTRODUCTION 
Cholesterol is an integral part of cell structure , is synthesized 
in most tissues and takes part in the constant renewal, exchange and 
degradation of molecules constituting cholesterol turnover. The 
turnover of cholesterol has been reported to relate to body fatness in 
man (Nestel et al., 1969 ; Miettinen , 1970) . Nestel et al. observed 
that both the body weight and excess body weight (reflecting excess 
adipose tissue in man) were significantly correlated with the daily 
production rate of cholesterol as well as with the size of both the 
rapidly turning over cholesterol pool which includes plasma cholesterol 
and the slowly turning over pool including adipose tissue cholesterol o 
The sizes of the two pools were also found to be inversely related to 
the rate constants for the daily turnover in the respective pools . 
Miettinen (1971) has also found greater fecal excretion of total 
steroids in obese normolipidemic men than in subjec ts of normal weight, 
indicating that excess weight correlates with higher rates of cholesterol 
synthesis. In addition, in very obese subjects , Nestel et alo (1973) 
found that the excessive production of cholesterol that occurs in such 
subjects, was totally explicable in terms of increased turnover in the 
expanded adipose tissue. Although it was not poss ible to determine 
whether this turnover represented cholesterol synthesis in adipocytes ~ 
this did seem a possible explanation since cholesterogenesis has been 
demonstrated in adipocytes of several species , including rat (Angel & 
Farkas, 1971), monkey (Dietschy & Wilson, 1968) , pi g (Romsos et al . , 
1971) and man (Nestel et al., 1973). 
In Chapter 2, it was shown that offspring of protein•deficient 
dams had reduced body weights accompanied by decreased numbers of 
adipocytes of reduced size in epididymal fat pads. If, therefore, 
adipose tissue is an important component of total body cholesterol 
turnover in the rat, as it appears to be in man, then the rats with 
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the smaller numbers of smaller adipocytes might be expected to have a 
different rate of cholesterol turnover to that of other rats of similar 
age with a greater adipose mass. In this study, the values for the 
dynamic aspects of cholesterol turnover have been determined in 
progeny of protein~deficient dams and in two groups of control rats ; 
(a) control age-matched rats that would have more and larger 
adipocytes, and (b) control weight-matched rats that would be 
younger but have an adipose mass that would be closer to that of the 
test group. 
- · 
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2. METHODS AND MATERIALS 
Six female offspring of protein ~deficient dams (test progeny ) 
were compared with six age-matched control rats and six weight =matched 
control rats of the same sex. The feeding and breeding procedures 
have been described (Chapter 2) but the rats were fed ad libitum on 
commercial chow (Table 3 - I) from weaning and throughout the study o 
Approximately 0.8µCi of 26- 14C cholesterol (S.A. 50 mCi/mM) 1 
were injected into a tail vein of each of six test progeny (35 weeks 
old; 200g), six age-matched controls (245g) and six weight - matched 
controls (20 weeks old) . The purity of the radiocholesterol was first 
established by thin layer chromatography on Silica Gel plates with a 
moving phase of heptane:ethyl ether (55:45) 0 Known amounts of radio = 
cholesterol were dissolved in ethanol and dispersed in fresh rat 
plasma for injection (0.5 ml per rat). The animals were bled twice 
weekly from the tail until day 20 and then weekly until day 100 . 
In the earlier part of the experiment, approximately 100 µl of blood 
was extracted in 2 ml boiling acetone:ethanol (1:1, v/v). At later 
stages of the experiment larger blood samples were takeno The extrac t 
was filtered, washed twice with acetone:ethanol and the specific 
activity of the filtrate was determined . Radioactivity was measu r ed 
in a scintillation counter using phosphor scintillation fluid and 
corrected for quenching. Cholesterol concent rat ions were determined 
on a Technicon II autoanalyser. 
The resultant whole blood cholesterol radioactivity time curve s 
were then analysed as described by Goodman and Noble (1968) and 
resolved into two exponential functions demonstrating that blood 
cholesterol turnover in the rat may conform to a two pool model 
1. The Radiochemical Centre, Amersham , England. 
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FOCAL COMMANDS 
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s = SET 
F = FOR 
D = DO 
T = TYPE 
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A SUMMARY OF SYMBOLS EMPLOYED I N 
RE LATION TO THE PROG RAMME S OPPOSIT E 
~'r Denotes multiplication 
FEXP Denotes exponential 
I Denotes division 
AO The intercept on they axis of the rapid exponential 
describing pool A (see Figure 5-I) 
BO The intercept on they axis of the slow exponential 
describing pool B 
AL The rate constant describing the rapid exponential (see 
Figure 5 - I) 
BE The rate constant describing the slow exponential 
Thanks are due to Mr . W. Craig for writing the computer programmes . 
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(Figure 5-I). The results were used to calculate a variety of 
parameters based on the kinetic analysis of two pool systems (Gurpide 
et al., 1964) as shown to apply to cholesterol by Goodman and Noble 
(1968) and Nestel et al. (1969). This analysis envisages two pools : 
pool A, a rapidly turning over pool of cholesterol including the 
major proportion of cholesterol in liver j plasma, red blood cells and 
probably intestine, and a minor proportion of cholesterol in other 
tissues; and pool B, a slowly turning over pool probably related to 
the remainder of the visceral and tissue cholesterol ~ including that 
in skeletal muscle, skin and adipose tissue. 
The basic model for cholesterol turnover is illustrated in 
Figure 5-II. Labelled cholesterol is introduced into pool A and 
serial samples are taken from this pool for specific radioactivity 
measurements. Analysis of the specific radioactivity time curve gives 
values for a series of constants from which the following parameters 
can be derived: MA' the size of pool A; -kAA, the rate constan fo r 
total removal of cholesterol from pool A, which includes transfer 
into pool B (kAB) plus excretion from pool A (kA) ; - kBB' the rate 
constant for total removal of cholesterol from pool B, which includes 
transfer into pool A (kBA) plus excretion from pool B (kB) ; and PR, 
the production rate or rate of introduction of "new" cholesterol into 
pool A, excluding recycled material originating in pool A and returning 
from pool B. 
The various parameters mentioned above were derived using the 
programmes shown opposite on a PDP-8/1 Digital computer (programme 
language, FOCAL). 
At the end of the turnover studies, the animals were killed 
and retroperitoneal fat pad cell size and number and total carcass fat 
were determined as described in Chapter 2. Tissue cholesterol 
concentrations were measured using a Technicon II autoanalyser 
following thin layer chromatography on Silica Gel of a Dole's 
extract (Dole & Meinertz, 1960). 
3. RESULTS 
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Table 5- I shows the morphological parameters relevant to 
cholesterol turnover in female test and control progeny. Test 
progeny had lower body weights, retroperitoneal fat pad weights and 
fewer, smaller adipocytes than control animals of the same age. When 
compared to younger control animals of similar body weight they had 
significantly lowe r fat pad weights and fewer adipocytes but the 
adipocytes were of a similar size as in the controls. Total body fat 
was lower in test progeny than that in both control groups. The 
proportion of total body weight present as fat was similar in the two 
control groups but significantly greater than in test progeny. The 
cholesterol content per unit weight of live~muscle and fat was 
similar in all groups as was the plasma cholesterol concentration. 
The specific activity time curves of the three groups showed 
that the half - life of cholesterol in pool A was 4.3, 4.6 and 5.0 days 
for test, weight =control and age - control rats , respectively, and for 
pool B, the half=lives were 19.7, 18.3 and 20.1 days respectively. 
Table S~II shows values for dynamic aspects of cholesterol turnover 
derived from the specific activity time curves. As may be expected, 
the mass of pool A in test rats and weight=control rats was 
significantly less than in the larger heavier, age-control rats. 
However, all dynamic parameters of cholesterol turnover were similar 
including rate constants, production rates and rates of excretion. 
Correlation coefficients relating individual body weights or fatness 
to these parameters revealed no significant relationships either when 
control animals were compared with each other or when values for test 
TABLE 5-I Morphological parameters in female offspring of control and protein-deficient dams (test progeny) 
TEST(l) 
Weight (g) 198 ± 4.1 
(2) Age (weeks) 35 
Retroperitoneal fat pad weight (mg) 1024 ± 34 
Adipocyte size(µ) 75.25 ± 2.03 
Adipocyte number (x 106 ) 4 .26 ± 0. ,08 
Carcass fat (g) 14.38 ± 2.10 
(% total carcass) 7.26±0.79 
Cholesterol (mg/g wet weight) 
Liver 1.54 ± 0.08 
Retroperitoneal fat pad 1 .48 ± 0. 09 
Gastrocnemius muscle 1.61 ± 0.06 
Plasma (mg/lOOml) 47.36 ± 2.80 
(1) Mean ± 1 S.E.M. for groups of six rats. 
(2) At the beginning of the experiment. 
Significantly different from test progeny 
Significantly different from controls by weight 
in\-* 
** 
* 
§§§ 
§§ 
§ 
CONTROL BY WEIGHT CONTROL BY AGE 
2 03 ± 3. 6 244 ± 2 .9,\-§ 
20 35 
1297 ± 43** 1529 ± 31">\§ 
78.79 ± 1.91 92 .10 ± 3 .16§§ *'\-
5 . 7 3 ± 0 . 08 ~·( 5.81 ± 0.08* 
2 0 . 7 0 ± 1 . 0 7 ** * 24.15 ± 1.32§§§** 
10 .19 ± 0. 80idd: 9 .89 ± 0.81*,\-* 
1.59 ± 0.07 1.53 ± 0.05 
1.51 ± 0.03 1.46 ± 0.06 
1. 62 ± 0. 04 1.65 ± 0.09 
50.12 ± 3.24 45.63 ± 2.83 
p < 0.05 
p < 0. 01 
p < 0.001 
p < 0.05 
p < 0. 01 
p < 0.001 
~ 
TABLE 5-II Parameters of cholesterol turnover in offspring of control and protein-deficient rats 
PARAMETER(l) TEST 
kA (/day): rate constant for 
excretion from pool A 0 . 109 ± 0 . 008 
kAB (/day): rate constant for 
transfer from pool A to pool B 0.019 ± 0.003 
kBA (/day): rate constant for 
transfer from pool B to pool A 0. 044 ± 0. 005 
r A (mg): rate of excretion from pool A 3.47 ± 0 .31 
MA (mg): size of pool A 31.60 ± 0.87 
PR (mg/day): production rate 3.47 ± 0.22 
-kAA (/day): rate constant for 
daily turnover of cholesterol in pool A 0.128 ± 0.008 
\ 
-kBB (/day): rate constant for 
daily turnover of cholesterol in pool B 0.044 ± 0.005 
rAB (mg/day): rate of transfer of 
cholesterol from pool A to pool B 0.61 ± 0.15 
(1) Mean ± 1 S.E.M. for groups of six rats. 
Significantly different from test progeny ,b'r p < 0.01 
Significantly different from controls by weight §§ p < 0.01 
CONTROL BY WEIGHT CONTROL BY AGE 
0. 105 ± 0 . 006 0.088 ± 0.010 
0.029 ± 0.003 0.031 ± 0.005 
0.054 ± 0.007 0.054 ± 0.008 
3,33 ± 0.40 3.18 ± 0 .53 
31.65 ± 0.50 36.29 ± 0.87'h~§§ 
3,33 ± 0.34 3.18 ± 0.52 
0 .134 ± 0. 004 0.118 ± 0.006 
0. 054 ± 0. 007 0. 054 ± 0. 008 
0.93 ± 0.12 1.13 ± 0.17 
II 
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progeny were included i n tie a lculations o 
4 . DISCUSSION 
Although the concentration of cholesterol in the plasma was 
known to be similar in the progeny of protein··deficient and normally 
nourished darns, it was nevertheless possible for cholesterol turnover 
to differ in the two groups of ratso Firstly , cholesterol turnover 
need not be related to plasma concentration (Wilson & Lindsey, 1965; 
Goodman & Noble, 1968 ; Nestel et al o, 1969) showing a closer 
relationship to fatness in man (Nestel et al o, 1969); and, secondly, 
the adipocytes of the test progeny had already been shown to have a 
diminished capacity for lipogenesis despite a normal plasma triglyceride 
concentration (Chapter 4 j Part I). 
The findings in the three groups of rats were remarkably similar, 
despite differences in age ~ weight and adiposity. The only significant 
differences were in the amounts of cholesterol in pool A. The greater 
size of this pool in the age - rnatched j control group compared to the 
test group is almost certainly due to differences in body and organ 
weights and in plasma volume . The finding that the daily production of 
cholesterol was similar in the two groups indicates that, in the rat, a 
26% increase in body weight and a 60% increase in adipose mass does not 
necessarily lead to the increase in cholesterol synthesis seen in man . 
In the age - control rats, the increase in pool A was associated with 
a somewhat smaller fractional turnover rate through the pool (kA) although 
in fact the transfer from pool A to pool B (kAB and rAB) appeared to be 
increased . There was also an apparent corresponding increase in the turn-
over of cholesterol in pool B ( ~kBB) in these rats which may reflect, in 
part, the greater inpu from pool A. Whether cholesterol synthesis inpool 
B was, in fact , greater in the age ~control than in the smaller test rats, 
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cannot be determined , Wha t is clear is that the greater mass of 
cholesterol in pool A, in the larger animals, did not reflect increased 
production at the time the measurements were made. 
Although the size of pool B cannot be measured, an estimate can 
be made by mak·ng the unlikely assumption that no synthesis takes place 
in pool B. Calculations made with this proviso revealed a significantly 
greater size of pool Bin the age =matched controls (20.7 mg) than in 
test progeny (13.7 mg) . 
A comparison of the test progeny with the weight-matched 
though much younger control rats ~ revealed that the latter had more 
adipocytes and ~ therefore, more adipose tissue. The control rats may 
also have had significantly more cholesterol within pool B which is 
thought to include adipose cholesterol. On the other hand, the 
amounts of cholesterol in pool A were similar in the two groups 
presumably because their organ weights and plasma volumes were also 
similar . 
Other reports had suggested that cholesterol turnover, in the 
rat, decreases with increasing age (Yamamoto & Yamamura, 1971; 
Dupont et al . , 1972) but no difference was found , in the present 
study, between the 20 week=old and 35 week=old rats. The turnover of 
about 3.3 mg/day compares with values of 4 ~5 mg obtained by Wilson 
(1964) with the chemical sterol balance technique. In the rat, bile 
acid production and excretion accounts for about two-thirds the total 
turnover (Danielsson, 1963) . 
It is interesting that the half - time for cholesterol turnover 
in pool A of 6 ~5 days is of the same order as found in man (Goodman & 
Noble, 1968 ; Nestel et al . , 1969) ; although one other study in rats 
has shown faster half - lives (Nilsson & Zilversmit, 1972). However, 
in that study, calculations were derived from specific activity time 
curves of only 35 day s o r so . Thi s might be expected to provide 
different rates from t hose of 100 day studies since the slower 
exponential rate may be incorrectly calculated in a shorter study. 
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In contrast to findings fo r pool A, the rate constant for the turnover 
in pool B ( =kBB) was found to be slightly faster than in man (Nestel 
et a 1 . , 19 69) , 
Although cholesterol turnover in these rats did not show the 
sort of relationship to adipose mass that has been observed in man 
(Nestel et al. , 1969 ; Mietnnen , 1970), the reason for this may lie 
in the differing roles of adipose tissue in different species. Although 
the age - control rats had 60% more adipose tissue than the test rats, 
in relation to total body weight, the proportion of fat was only 9.9% 
and thus none of he rats could be considered obese. It would be 
interesting to make similar observations in pigs in which 
cholesterogenesis in adipose tissue is highly active j constituting 
possibly as much as 37% o total cholesterol production (Rornsos et al., 
19 71). 
5 . SUMMARY 
Despite differences in body weight, fat pad weight, total carcass 
fat, and the size and number of adipocytes between progeny of protein 
deficient darns and age =rnatched or weight =rnatched control rats, no 
significant differences were found in any dynamic aspects of cholesterol 
turnover. This is in contrast to findings in man where body weight and 
fatness has been significantly correlated with the daily production rate 
of cholesterol and inversely related to the rate constant for daily 
turnover of cholesterol in pool A and pool B (Nestel et al., 1969). 
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CHAPTER 6 
THE IMMUNE RESPONSE IN OFFSPRING OF PROTEIN=DEFICIENT DAMS 
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1 REVIEW 
This chapter is concerned with the effects of early malnutrition 
on the immune response in the adult , Throughout history, man has 
recognised an associa tion bet ween famine and pestilence. A relationship 
becomes obv ·ous when a natural or man~made disaster drastically curtails 
the production and distr "bution of fo d and simultaneously causes a 
breakdown in personal hygiene, environmental sanitation and the provision 
of medical care. The resultant crowding of people and the social 
disorganisa tion favou he spread of infectious disease. Far more 
relevant scientifically than these se ondary associations are field 
and clini c al observations, as well as man experimental studies, 
proving that the conunonly occuring interrelationships between infection 
and malnutrition are direct and causal . These direct interactions fall 
into two basic patterns ~ 
(i) malnutrition generally alters resistance of the 
host to infection, and 
(ii) infectious disease exaggerates existing malnutrition. 
The inunediate and long=t enn sequelae 9 in terms of mortality, chronic 
disease and the failu e to obtain full physical and intellectual 
potential may prove devastating to he individual and the conununity. 
The effects of early malnutrit i on on growth and development are 
difficult to assess in human populations, the major complicating 
factor being he pattern of infection that accompanies the malnutrition. 
Recent stud·es in areas as widely separated as Guatemala (Scrimshaw 
et · al., 1966, Ethiopia (Eksmyr, 1969) and India, have shown that 
diarrhoeal diseases 9 respiratory infections , the conunon communicable 
diseases of childhood and other infec ious diseases are frequent in 
most children n rural low~income groups and that intestinal 
parasi tism is also widespread. 
...... 
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The way in which infections adversely affect nutritional status 
are well known but difficult to quantify. T ey include decreased 
appeti te, reduced food intake and dimin"shed absorption when diarrhoea 
is presen. The reduc ed food intake frequently results in calorie 
deficiency and hence in less efficient utilisation of the dietary 
protein , since some of this is used o meet energy requirements. The 
following factors contribute to lowering of resistance in severe 
protein=c alorie malnutrition (PCM) . 
1. Reduced capacity of the hos to form specific antibodies 
(Budiansky & Da Silva, 1957 ; Ola rt e e al . , 1956 ; Hodges 
et a 1 . , 19 62 a, 19 62 b) ~ 
2. dec rea se in phago ytic activity of mi c rophages and macrophages 
(Beha r et al ., 1956 3 Asirvadham, 19~8)~ 
3 . interferen e ith the production o f non=specific protective 
substances Wiss _£t al o, 1957 ; Dawson & Blagg, 1950)~ 
4. reduced non=spec ific resistance o bac terial toxins (Dubas, 
19 55) ~ 
5 . altera ions in tissue integrity (Horw·tt, 1955)~ 
6. diminis hed inflammatory response and alterations in wound 
healing and collagen format · on (Dunphy et al., 1956); 
7 . effec ts originating in alterations of intestinal flora 
(Shockman et al., 1958 ; Smythe, 1958) ~ 
8. variations in endocrine response (Leathern, 1958 ; Zubiran et al., 
1955 · Castellanos & Arroyave 3 1961 ; Stirling, 1959 ; Tejada, 
1955) . 
The relative importance of these mechanisms in mild or 
moderate PCM is not clear . 
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In 1971, Smyt he et ~, f oun d tbat hild r en suffering from PCM 
had tonsils wh"ch were decreased in size " that the capacity to 
respond to chemical sensit·sation of the sk·n and the rate of 
transformation of lymphocytes stimulated wi h phytohaemagglutinin were 
significantly impaired ;; that infan 's red blood cells were frequently 
agglutinated by an isera to serum complemen c omponents and that the 
haemolytic serum=complement was reduced o Nec ropsy studies showed a 
high proportion of chronic atrophy of the hymus with wasting of the 
peripheral lymphoid tissue and both deple ion of paracortical cells 
and loss of germinal centres. Profound depletion of the thymolymphatic 
system and severe depression of cell-mediated immunity were demonstrated. 
The atrophy of lymphoid tissue in malnu rition is well documented. 
For example 9 Jackson ff s review of the topic in 1925, noted that many 
investigators had found "a pronounced tendency to atrophy (of lymphoid 
tissue) in all conditions of inc:mition and malnutrition". Thymus 
weight is exquisitely sensitive to malnutrition and was early 
designated "the barometer of nutrition", 
Various postula es have been put forward by Scrimshaw et al., 
(1959) which emphasize the effect of specific nutritional deficiencies 
on viral and bacter "al growth No doubt man factors play a part but 
depressed cellular immunity seems best to ac c ount for the tendency for 
herpes =simplex infections and severe moniliasis to disseminate in PCM. 
In the child under three years of age 9 severe moniliasis is almost always 
fatal whereas over the age of four , the prognosis is much better. This 
provides an interesting parallel wi h expe r imen al thymectomy studies 
in ' that the removal of the thymus in he neonatal animal is associated 
with more serious infection than when removed at a later stage. 
Smythe e al . (19 71), confirmed some earlier findings when they 
showed tha irnrnuno g lobulirswere not generally depressed in PCM. However:, 
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they postula t e d that the extent of loss of germinal centres shown in 
PCM may reflect the c apac · ty t o p r oduc e new antibody. This could 
explain the varying degrees of r esponse tha t have been reported when 
children with PCM have been subjected to antigen stimulation (Reddy 
& Srinkantiaj 1964 ; Pretorius & de Villiers , 1962) and the experimental 
finding that protein=deficient rats fail to r espond to infection by 
increasing their production of garnrna ~· globulins . McFarlane ( 1971) 
found that experimentally malnourished r ats showed a strikingly 
reduced cell=mediated ·rnrnune response to sheep red blood cells and 
Axelrod (1970) has also reported impaired cell=mediated immunity in 
experimental vitam · n deficiency . Sim . la ly , Woodruff & Kilbourne 
(1970) and Woodruff (1970) showed a rophy of lymphoid tissue, impaired 
immune resistance and increased sever i ty of viral infection in an 
animal model of ma r asmus , HoweverJ they found that complete protection 
from the severe sequelae of vi r al infection could be obtained by the 
institution of an optimal diet for one mont h before viral challenge. 
This was associated wi.th normal lymphoi d tissue o 
Further synergistic effects of p r otein deficiency and infection 
are shown ·n Table 6=I . 
....... 
~ 
TABLE 6=I 
Infectious agen 
or disease 
Mvcobacterium 
tuberculosis 
_£iplococcus 
pneumoniae 
Salmonella 
yphi.murium 
S . enteritidis 
Infectious hepatitis 
Trichomonas hominis 
Trichornonas cruzi 
Synergistic effects of infection and protein=deficiency in the rat 
Reference 
Koerner et alo (1949) 
Wissler (1947) 
Miles ( 1951) 
Moroz (1959) 
Maccallum et al . (1946) 
Hegner et al o (1935) 
Yaeger et al, (1963) 
Remarks 
With 15% or 25% protein all animals died within 
150 days O with 40% protein, little or no 
progression o 
Fatality increased and agglutinin and leucocyte 
.r esponse decreased wi.th 2% c ompared with 20% protein o 
Far lower fatality with 16% than 4% protein diet o 
Fatality rate increased by decreasing level of 
dietary protein from 2010 to 3 o 510 o 
Transmissible only to protein=deficient animals o 
Rats fed "high=proteln" diets eliminated organisms 
o greater degree than those fed a standard diet o 
Judged by parasitemia tissue damage . and fatality 
on iso=nitrogenous diets fed ad libitum, suscept ~ 
ibility increased when protein quality decreased o 
Hyrnenolepsis diminutia Mettrick et al o ( 1965) Replacement of all dietary protein by carbohydrate 
increased growth and development of worms o 
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2, INTRODUCTION 
As stated in the introductory chapter, severe malnutrition in 
early life arrests normal growth and matura ion o A similar long=term 
effect on the developing ·mmunological system has been suggested 
(Jose et al,, 1970) ~ It has been reported that mice restricted in 
protein and alo ies for two weeks during weaning exhibit depressed 
cytotoxic cellular immunity and reduced numbers of theta=positive 
lymphocytes (thymus =dependent cells) in spleen and lymph nodes when 
tested as adults (Jose & Good , 1971) . These findings show a striking 
parallel with the effec s of removal of the thymus at a similar age 
(Jankovic et al o, 1962) and the findings of Smythe et al. (1971) in 
children with PCM(dis c ussed earlier) ould also result from an arrest 
in maturation of the 'I=cell system1 from "nutritional" thymectomy 
occuring at a critical period of development . In man, severe 
kwashiorkor starting very _early in infancy, has been associated with 
profound depression of serum inununoglobulin levels and immunological 
defects which persist af er refeeding suggesting a similar maturation 
2 
arrest of the B=cell system . (Are£ et al o9 1970.) 
1. The T=cell system (cell =mediated immunity) is that part of the 
immune mechanism which involves the production of a type of white blood 
cell formed in the bone marrow bu developed in the thymus with the 
specific capac·ty to recognise and destroy an antigen. 
Delayed-type hypersensitivity is a loca ised form of the response. 
2. The Bmcell system (humoral immunity) involves the production of 
lymphocytes (B=cells), probably derived from the bone marrow in manimals 
which upon stimulation with antigen together with their progeny cells, 
produce antibodies which circulate in blood and other body fluids. 
Antibodies combine specifically with antigens, usually causing 
agglutination and increased phagocytosis of (and sometimes neutralisation 
of toxic) soluble antigens or lysis of cell s processing surface 
antigens . The thymus is also involved in this system as B-cells 
require the co=operation of T=cells ·n the circulation to elicit a 
maximum antibody response against many antigens . 
Figure 6=1 shows the relationship between var · ous components of the 
thymolymphatic s ystemo 
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A se ries of reports by Newbe rne e al, have shown that maternal 
lipotrope deficiency in rats ~ whilst support ing the development of 
apparently normal progeny results in biochemical defects preventing a 
normal response to carcinogens (N ewbe rne et al . , 1968), toxins 
(Newberne et al . , 19 71 ) and bacterial infect ions (Newberne et al . , 
1970b). The decreased immunologic al re sponse was associated with 
hypoplasia of the hymolymphatic sys t em . 
In the study report ed here ~ the humoral and cellular immune 
response as well as some morphological parameters of the thymolymphatic 
system have been s t ud i ed in female adult progeny of protein- deficient 
dams. 
3 . MATERIALS 
(a) Animals 
Female offspring of dams rendered protein- deficient during 
gestation alone and offspring of dams fed a control diet were used 
throughout the study . The feeding and breeding procedures were as 
described in Chapter 2 . 
(b) Antigens 
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(i) Flagellin FIN ). The flagella of Salmonella adelaide (strain 
SW 1338) were removed over a period of 10 minutes by the 
shearing action of rotation blades in a blender. The suspension 
was centrifuged (400g , 20 mins . ) to sediment bacteria. This 
process was repeated three times and the supernatants were 
pooled. The flagella suspension was submitted to four cycles 
of different "al ce~trifugal clarification in swing-out heads to 
remove bacterial debris (5000g, 25 mins.) and to deposit 
flagella ( 4 0,000g, 45 mins . ) , The flagella were resuspended 
in saline except for the last cycle when water containing 
1/100,000 parts mer .hiolate (w/v) was used. 
The soluble protein was prepared by acid treatment of the 
flagella as described by Ada et al . (1964) . Flagellin elicits 
a good antibod response but poor delayed- type sensitivity. 
(ii) Aceto=acetylated flagellin AcAcFIN) . S.adelaide flagellin 
was aceto=acetylated with diketene 1 (acetoacetic anhydride) 
according to the method desc r ibed by Marzotto et al. (1967, 
1968). Flagellin (5mg/ml) was reacted with 19 - 960M excess of 
0 diketene for 6 hours at 20. After this, the solution was 
exhaustivel dialysed against multiple changes of distilled 
1. K. & K. Labs , Inc , , Plainview, N. Y. , U. S . A. 
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0 
water for 24 hours at 20 o Acetoacetylated groups bound to 
residues other than arn · no groups were removed by treating the 
preparation with 0 , 2M NaHC03-Na2C03 buffer at pH 9.5 for 18 
0 hours at 20 . Buffer and reactants were removed by dialysis 
against distilled water for 24 hours at 20° (Parish, 1971). 
This antigen produces a poor antibody response but a good 
delayed=type hypersensitivity response o 
(iii) Sheep Red Blood Cells (SRBC) o The SRBC were collected directly 
0 into Alsever's solution and stored at 4 . They were washed 
three times in saline before use. SRBC are physiological 
antigens which produce a moderate antibody response and delayed-
type hypersensitivi y response. 
For all primary injections the antigens were taken up in saline and 
the solution was emulsified with Freund's Complete Adjuvant in the 
. 
proportions of 1 : 3 to make a final concentration of lµg/100µ1 for FIN 
and AcAcFIN and 1 x 1oe c ells/100µ1 for SRBC. Secondary injections 
were given as saline solutions at the same concentrations. 
4 . METHODS 
At the age of 8 weeks, offspring of c ontrol and protein-
deficient darns were given subcutaneous injections of one of the three 
antigens. The rats wer e bled weekly from the tail for five weeks 
following irrununisation in order to de ermine antibody titres. On day 
35, they were given a second dose of the appropriate antigen and bled 
for a further wo weeks , Baseline antibody titres were also determined 
in non- irrununised progeny o 
(a) Delayed=Type Hype r sensi t ivity Measurements (cell - mediated irrununity) 
The second injection also served to elicit delayed- type 
hypersensitivity . Antigen (500ng .FIN, AcAcFIN : 5 x 107 SRBC) was 
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injected into the right, h ind foo pad and saline alone into the left 
pad. Foot pad th "ckness was measured 24 hours after the injection and 
specific foot pad swelling was determined by subtracting the thickness 
of the left , hind foot pad from the right. Foot pad thickness was 
measured using a dial calliper gauge A02T (Schnelltaster System 
Kroplin). 
(b) Antibody Titre~ (humoral immun·ty) 
Serum antibody levels were estimated by a passive 
haemagglutination method based on that described by Jandl & Simmons 
(1957). Briefly, SRBC stored 0=5 days in Alsever's solution at 4°, 
were washed three times with saline and resuspended to 5% in saline. 
SOµg polymerised (POL) flagellin (Ada et al., 1964) was added to 
5ml of 5% SRBC . The solution was stirred and 65µ1 of 0 .1% CrC1 3 
solution (pH 5 ~2) was added . After standing, the cells were washed 
three times w·th phosphat e buffered saline and resuspended in the 
saline to 2% . The POL covered SRBC were used for estimating antibody 
to flagella ant·gens o For antibody to SRBC, untreated SRBC were used. 
All titrations were carried out in V-bottomed microtitrating 
wells. Phosphate buffered saline containing 5% foetal calf serum1 
was used as diluent. 
(c) White Blood Cell Counts 
Differential and total white blood cell counts were carried 
out on blood collected 24 hours after he secondary injection in 
animals that had received AcAcFIN. Counts were also done on blood 
from non=immunised p ogeny from control and protein-deficient dams. 
1. Commonwealth Serum Laboratories , Melbour ne . 
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(d) Serum Proteins 
Serum protein estimations were carried out on blood collected 
two weeks after the secondary injections in animals given FIN and in 
non- immunised progeny . Total serum proteins were measured by the 
method of Lowry et al . (1951). The proteins were separated on 
cellulose acetate strips by electrophoresis and were determined 
quantitatively using a densitometer . 
(e) Organ Cell Size and Numbers 
Thymus and spleen cell size and number were determined in 15 
week old female progeny . Cell size was estimated from the protein 
(MacKenzie & Wallace, 1952) to DNA (Schneider , 1957) ratio and cell 
number as the total organ DNA (mg)/6.2µµg. (Enesco & Leblond, 1962). 
5 . RESULTS 
(a) Organ Weights, Cell Numbers and Sizes 
The body, spleen and thymus weights of progeny from control 
and p rotein=deficient dams (test progeny) are shown in Table 6-II. 
All three values were significantly lower in the test progeny than 
in the controls . The thymus/body weight and spleen/body weight 
ratios were significantly lower in test progeny showing a relative 
as well as absolu e deficiency in thymus and spleen weights. The 
decreased organ weights were primarily due to decreased cell size. 
Cell number was also affected but not to the same degree. 
(b) Antibody Titres (humoral immuni y) 
Figure 6- II shows the weekly plasma antibody titres following 
immunisation with FIN, AcAcFIN or SRBC in control and test progeny. 
The results are expressed on a log scale . With FIN and SRBC, the 
antibody titre following the 1° injection was similar in control and 
-
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test progeny but following the 2° injection, the titre was 
significantly lower in test progeny , AcAcFIN gave no measurable 
response following 1° immunisation in either group but the antibody 
titre elicited by the 2° injection was again significantly lower in 
the test group. Baseline antibody titres were zero throughout the 
study. 
(c) Delayed Type Hypersensitiviti (cell ~mediated immunity) 
Table 6- III shows the delayed=type hypersensitivity response 
to antigen, as measured by foot pad swelling, in control and test 
progeny . For all antigens, the specific foot pad swelling was 
significantly lower in test progeny. 
(d) White Blood Cell Counts 
Table 6=IV shows the total and differential white blood cell 
counts in control and test progeny both before antigen administration 
and 24 hours after the secondary injection of acetoacetylated flagellin. 
Before antigen adminis ration white ce ll counts were similar in the 
two groups but following injection of antigen the increase in 
lymphocy tes and monocytes was significantly lower in test progeny 
(p < 0 . 001) . 
(e) Serum Proteins 
Table 6=V shows the total serum protein and serum albumin and 
globulin in control and test progeny before antigen administration 
and two weeks after the second injection of flagellin. Before antigen 
administration serum protein levels were similar in the two groups 
but the increase in gamma globulin level was significantly less in 
test progeny (p < 0 . 001) . 
FIGURE 6-II 
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Antibody titres in female offspring of protein- deficient 
darns following immunisation with flagellin (FIN), 
aceto - acetylated flagellin (AcAcFIN) or sheep red blood 
cells (SRBC) . 
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TABLE 6c II Body sp l een and t~y mus we i ght s splenic and 
thymic ce l l s ize and numbe r in 15 week old 
female offsp ring of con trol and protein defi c ient 
dams (test prJgen 1C ) 
CONTROL TEST 
Body Weight (g) 21 9 -+ 2 I 181 + 1 , 9,', -
S12leen Weight (mg) 109l. -+ 8.a 2 642 :! 3 ,1 .. ·, 
Cell Number (2) 104 35 7 + 2 , 1 286 - 3 0 l '1\-X 
Cell s. ( 3) 1. ze &. 93 ±. Oa07 3 010 ± 0 0 03 ,', 
Thymus Weigh t (mg) L: 50 i ,7 139 -+ 1 a 2 -;\-
Cell Numbe (2) 104 99 ~90 -+ · 0 039 87 065 . 0 4 7-.', X - -
Cell s. ( 3 ) 1.ze l ' 1 6 -+ Oa06 2 n86 + 0 0 04 e;'• 
Thymus (mg) / Body Weigh (g) 1 , 14 1 -+- Oa 01 0 76 7 0 0 03 ? ,', -· -
Spleen (mg) /Body Weight (g) l O 99 -+- 0 o4 l 3 a54 i 0 0 2 9 ,•, -;<J.r. -
(1) Mean± 1 S.E ,M. for gr oups of 60 r a t s o 
(2) Cell number as measured by DNA (mg ) / 6 02 ( µg) 
(3) Cell si ze as measured by t o tal cell protein (mg )/to al 
c e 11 DNA (mg) 
Significantly different from cont r o l s 
TABLE 6- III Delayed-type hypersensitivit y as measured by 
specific foot pad swelling in offspring of 
control and protein=deficient dams (test 
pro geny) ( 1 ) 
ANTIGEN( 2 ) 
FIN/FIN 
AcAcFIN/AcAcFIN 
SRBC/SRBC 
FOOT PAD SWELLING (1 / 10 mm o) 
CONTROL 
1 .71 ± 0 , 10 
4 o07 ± Oo2l 
l o06 ± Oo05 
TEST 
Oo50 ± Oo06')'r 
(1) Mean± 1 S.E oM. for groups of 20 r ats . 
( 2) FIN/FIN 
AcAcFIN/AcAcFIN 
SRBC/SRBC 
1° and 2° injec tions of flagellin 
l o d 2° · · t · f t an in J ec i ons o ace o= 
acet y lated flagellin 
l o d 2° · · · f h d an inJec ions o seep re 
blood cells 
Significantly different from controls 
l 
TABLE 6-IV White blood cell counts before and after the administration of aceto-acetylated flagellin 
in offspring of control and protein-deficient darns (test progeny)Cl) 
TOTAL WHITE BLOOD CELLS 
( 102 / CCM) 
DIFFERENTIAL (10 2 /CCM) 
LYMPHOCYTES 
MONOCYTES 
GRANULOCYTES 
Before antigen 
administration 
103 ± 18 
31.5 ± 3.0 
5 .8 ± 1.0 
65 .7 ± 3 . 2 
(1) Mean ± 1 S.E.M. for group s of 20 r ats 
CONTROL 
After antigen 
administration 
249 ± 32§ 
168 ± 5.3§ 
16 . 8 ± 1 . 3§ 
64.2 ± 3 . 3 
Significantly diffe rent from corresponding control group 
Significantly different from same group befo re antigen adrni.riistra ion 
Before antigen 
administration 
106 ± 17 
33.5 ± 3 . 2 
5 .3 ± 0 . 8 
67.2 ± 3 . 0 
')~·"'·'~ 
' ,, '" p < 0 . 0.5 
·"' p < 0 001 ' 
§§ p < 0 . 01 
§ p < OoOO l 
TEST 
After antigen 
administration 
153 ± 2 0;',,b'; 
7 8 . 5 ± 3 0 2 ,'.§ 
9 .3 ± 1 . 3.,'c-§§ 
65.2 ± 2.7 
r 
~ 
TABLE 6-V Serum proteins in offspring of control and protein- deficient dams (test progeny), 
following administration of flagellinCl) 
PROTEIN 
(mg/lOOml) 
TOTAL 
ALBUMIN 
ALPHA ) 
) 
BETA ) GLOBULINS 
) 
GAMMA ) 
Before antigen 
administration 
54. 0 ± 3 . 6 
28.1 ± 2.0 
8.1 ± 1 . 0 
14.7 ± 1 . 9 
3 . 1 ± 0 .4 
(1) Mean± 1 S.E.M . for groups of 20 rats 
CONTROL 
After antigen 
administration 
54.7 ± 3.0 
20.3 ± 1.7 
8.4 ± 1.1 
15.3 ± 0 .6 
10 . 7 ± 0 . 3§ 
Significantly different from corresponding control group 
Significantly different from same group hefore antigen administration 
Before antigen 
administration 
47.6 ± 2.9 
27.3 ± 2.6 
6.6 ± 0 .8 
11.6 ± 1.8 
2.7 ± 0 .2 
TEST 
,', p < 0 . 001 
§ p < 0 . 001 
After antigen 
administration 
46.8 ± 3.0 
20.7 ± 1.9 
7.0 ± 0.7 
14. 7 ± 0 . 7 
4 0 4 ± 0 0 2§ -,\-
, 
pa 
107 
6 . DISCUSSION 
In this study , offspring of protein=deficient darns have been 
shown to exhibit a depressed immune response in adult life. The 
delayed =type hypersensitivity response j as measured by foot pad 
swelling, was signific antly lower in offspring of protein-deficient 
darns whether flagella antigens or sheep red blood cells were used. 
This test of cell ~rnediated immunity depends on the invasion of the 
site of antigen injection by lymphocytes (T cells) and rnonocytes. 
Total and differential white blood cell counts carried out on blood 
taken at the time of the test showed that in progeny of protein-
deficient darns ~ the level of circulating white cells and, in particular, 
lymphocytes, failed to increase to the same extent as in controls 
following antigen injection. This would suggest that either the 
production of immunologically mature lymphocytes by the bone marrow 
and / or the hyrnus, and/or the response of mature T and B lymphocytes 
to infection, have been affected by early protein deficiency. 
Antibody tit es following primary injection of flagella 
antigens or SRBC were not affected by early malnutrition. Howeverj 
following the secondary injection, antibody titres to both types of 
antigen were significantly lower in the offspring of deficient darns . 
The decreased ability of the immune system to respond to infection 
was associated with a reduced thymus and spleen weight. 
The functional immune deficiencies shown by offspring of 
protein=deficient darns could be attributed to thyrnic depletion. 
Studies of the thymus gland over the past decade have established a 
central role for this gland in the development and expression of 
lymphoid tissue structure and function . I t is now well documented 
that the full expression of host immunity, particularly cell-mediated 
phenomena depend for the most part on a normally functioning thymus 
gland (Good & Gabrielson, 1964 ; Good ~ 1967 ~ Miller , 1967 ; Miller & 
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Osoba, 1967 ~ Goldstein et al . , 19 70 ; Goldstein & White, 1970a, 
1970b). Congenital aplasia of the thymus gland in mice (Rygaard, 
1969) or experimental neonatal thymectomy (Archer & Pierce, 1961; 
Miller, 1961 1 Good et al , , 1962) results in severe lymphopenia, 
almost total failure of the development of cell=mediated immunological 
capacities and extreme susceptibility to infectious agents. In 
contrast o he major crippling effects on cell=mediated immunity, 
neonatal thymectomy has only a minor influence on humoral antibody 
production , Neonatally thymectomised rats ~ for example, can produce 
normal antibody titres to Salmonella typhi O=antigen and pneumococcus 
type 2 (Arnason et al , , 1964), SRBC and particular and soluble flagella 
antigens of S . typhi (Pinnas & Fitch, 1966). 
The functional deficiencies of the immune system shown in 
offspring of protein~deficient dams are very similar to those 
occasioned by neonatal thymectomy . (Cell=mediated immunity was 
significantly impaired whilst antibody production following primary 
immunisation was normal.) This would suggest that a state of partial 
"nutritional" thymectomy has been induced in these animals by early 
protein deficiency . 
Previous studies in offspring of protein~deficient dams showed 
that decreased liver, kidney and heart weights could be attributed to 
reduced cell numbers (Chapter 2) . In the thymus and spleen, however, 
the main effect of in utero protein deficiency was found to be on 
cell size. Cell numbers were decreased but not to the same degree. 
It is difficult to assess the significance of this finding as the 
cell populations of the hymus and spleen have high turnover rates. 
In their early development, the cellular patterns of growth of these 
two organs differ from those of most other organs. Winick and Noble 
(1965) showed that postnatal growth in rat thymus and spleen is almost 
entirely due to cell division cell size remaining constant from 
birth. Thus , if protein d epletion in utero adversely affects cell 
size in these organs , postnatal refeeding will have little effect 
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on correcting the deficit. This would account for decreased cell 
sizes amongst the more fixed spleen and thymic medullary epithelial 
cells ; however , the majority of cells in these two organs are short-
lived and are constantly being replaced o For example, in the thymic 
cortex, 98% of the cells are lymphocytes with a life span of two to 
three days. Cell proliferation in the thymic cortex is so rapid and 
intense that it has been estimated that about half to two-thirds of 
all lymphocytes produced each day in the body derive from the thymus. 
Although the thymus exports about 5% of these lymphocytes into the 
circulating pool, the rest of the cells are born and die in the thymus 
within three or four days. These considerations, together with the 
diversity of cell types found in these organs j make it difficult to 
determine the mechanism whereby early malnutrition affects average 
cell size in the adult. Further studies of the effect of early 
malnutrition on the numbers and sizes of specific thymic and splenic 
cell types as well as their rate of turnover are indicated. 
Depressed total cell numbers in thymus and spleen could be due 
to reduced numbers of stem cells leading to reduced lymphocyte 
formation, and/or to a primary effect on the production rate of 
lymphocytes from the existing stem cells. Again this needs further 
investigation . 
The mechanism whereby the thymus endows lymphoid stem cells 
with immunological competence is not understood. Evidence has been 
provided to support both endocrine and cellular mechanisms. The 
cellular hypothesis proposes that the lymphoid stem cells which have 
either migrated to the thymus from peripheral sites or are indigenous 
to the thymus 3 require a thymic locus in order to achieve maturity. 
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Alternatively, the endocrine hypothesis suggests that lymphoid stem 
cells from the bone marrow , spleen and other peripheral tissues mature 
under the influence of thymic hormones to become part of the pool of 
immunologically competent cells which can then respond to antigenic 
stimuli (Asanuma et al o, 1970 ; Trainin et al . , 1966, 1967; Goldstein 
et al., 1970 ; White & Golds ein, 1970) . Other hormones have also 
been shown to play a vital role in the development of the immunological 
system (Pierpaoli & Sorkin, 1967, 1969a, 1969b ; Pierpaoli et al., 
1969; Ambrose ] 1966 ; Hollander et al., 1968). Pierpaoli et al. 
(1970) showed that the maturation and differentiation of the thymus 
and thymus derived tissue was under hormonal regulation and that the 
adenohypophysi s controlled these processer, Developmental hormones 
such as somatotrophin or growth hormone (STH) were shown to promote 
maturation and expression of immunological capacity. Although such 
hormones were acting and present during the whole life of the animal, 
their influence was shown to be more essential at the time of ontogenic 
development . For example, anti - pituitary serum induced wasting disease 
(usually due to thymic deficim.cy) only when given in the first few 
weeks of life . In 1971 1 Stephan et al. showed that offspring of dams 
restricted to 50% of heir normal food intake during gestation and 
lactation have small pituitaries with low concentrations of growth 
hormone and Schrader and Zeman (1972) have shown depressed synthesis 
of growth hormone in offspring of protein- deficient dams. Thus early 
malnutrition can have permanent effects on at least one of the 
adenohypophyseal hormones which have been shown to control the 
development of the immune system . Thymic hormone may also be affected 
by in utero protein deficiency. 
It remains to discuss the low antibody titres following the 
second administration of antigen and the significantly low serum 
gammaglobulin seen at this time , in test progeny , The capacity for a 
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heightened response on the second administration of an antigen is 
called immunological memory. When an antigen is introduced into the 
~ody for the first time, it causes not only antibody formation but also 
the creation of an enlarged number of antigen-sensitive cells. Th e 
"virgin" antigen-s ensi tive cells p rol iferate crea t ing more cells of 
the same kind. Thus the antigen encounters a greatly increas ed number 
of specifically sensitive cells when injected for the second time . 
These new, specifically sensitive cells are termed "memory" cells and 
most of them are generated in the germinal centres of lymphoid 
follicles. Early protein deficiency may affect the ability of "virgin" 
antigen cells to proli ferate at the normal rate and/or it may be that 
the ability to form high antibody titres is reduced by a low level of 
circulating T cells (thymus - dependent cells) which are needed by the B 
lymphocytes to produce maximal response. Alternatively early protein 
deficiency could affect the ability of each individual clonal cell to 
produce antibody. In vitro studies of clones of cells from control 
and test progeny as well as in vivo transfer experiments could 
determine whether the basic problem is one of cell numbers and ability 
to prolifera te, or of the ability of individual cells to respond to 
antigenic stimuli. Although the mechanisms are not clear and need 
further investigation, it is apparent that in utero protein deficiency 
has permanent effec ts on many components of the immunological system 
in the adult rat. If these findings are appl i cable to the human 
situation, they have far reaching implications as most malnourished 
human groups are also subjected to a physical, social and biological 
environment conducive to increased frequency and chronicity of 
infection. 
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7. SUMMARY 
Offspring of protein-deficient dams (test progeny) were shown 
to exhibit a depressed immune response in adult life. This was 
accompanied by a reduced weight, cell number and cell size in the 
thymus and spleen. The antibody response to a primary (1°) 
immunisation with flagella antigens or sheep red blood cells was 
normal but the increase in antibody titre following secondary (2°) 
immunisation was significantly less in test progeny. This was 
associated with a low plasma gammaglobulin concentration. Delayed-
type hyp ersensitivity was also impaired in test progeny and circulating 
lymphocyte and monocyte concentrations were lower in test progeny than 
in controls following antigen administration . 
It was concluded that in utero protein deficiency can affect 
the immune response in adult life through its affect on the 
morphology of the thymolymphatic system and possibly on the production 
of hormones necessary tor the proper development and function of such 
a system. 
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CHAPTER 7 
GENERAL DISCUSSION AND CONCLUSIONS 
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This chapter is not confined to a discussion of the specific 
results oblained in this thesis, as t h ere are several points of int e re st 
relating to the general field of maternal nutrition that invite comment. 
1. Underlying Mechanisms and Areas for Future Research 
The underlying mechanisms whereby maternal malnutrition can 
permanently affect the metabolism of the progeny are not clear but 
there is evidence that depleted enzyme and/or hormone activity may be 
important. Studies with rat placenta have shown that malnutrition in 
/ 
a~fect 
gestation may reduce cellular DNA or RNA content an the activity of 
RNAase and DNA polymeras e. Winick and Noble (1966) have shown that 
placental growth patterns are very similar to those in the foetus 
itself. Until day 17 of gestation, the rat placenta grows entirely 
by hyperplasia, between days 17-19 by hyperplasia and hypertrophy and 
during the final two days of gestation, by hypertrophy alone. Because 
of this similarity in the_ growth patterns of cells of the placenta and 
foetus, Velasco and Brasel (1972) have studied the effect of maternal 
malnutrition on DNA content of the placenta and on placental DNA 
polymerase. Placental DNA polymer ase is replicative in nature, is 
stimulated by glycerol and has n e arly absolute requirement for DNA 
primer and all four nucleotides. Hence the enzyme in placenta has the 
same characteristics as in other rat tissues. It was found that low 
levels of DNA in placental tissues were preceded by depressed DNA 
polymerase activity in malnourished dams. 
Ligation of uterine arteries has also been shown to reduce 
placental DNA and RNA but, by contrast, increases placental RNAase 
activity per unit weight, or per unit DNA or RNA . High levels of 
RNAase could decrease intracellular RNA levels (Rosso et al., 1971), 
and since RNA formation determines cellular protein formation and 
hence cell structure, enzymes and function, the implications are 
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widespread. Similar effects may operate in the foetus or newborn 
itself. Zeman and Stanbrough (1969) could show no differences in 
RNA/DNA ratios (a measure of RNA/cell) in foetuses of protein~ 
deficient dams but a later study, (Zeman, 1970) showed that from 7 
days of age, RNA per cell was significantly reduced in the livers 
of refed offspring of protein-deficient dams. 
Impaired intracellular enzyme activity could account for most 
of the metabolic abnormalities so far demonstrated in offspring of 
malnourished dams but defects in cell membrane transport systems 
could also have widespread effects especially under conditions of 
metabolic stress. Generally depressed enzyme activity could also 
result in low production rates of chemical constituents, such as 
hormones, as has been shown to occur with growth honnone in 
perinatally malnourished animals. Injections of growth honnone 
shortly after weaning correct deficits in body weight caused by 
malnutrition in utero and during weaning (Chow & Lee, 1964) but it 
has not been established whether this corrects all the metabolic 
abnormalities present in such animals. 
Another mechanism that has been put forward to explain many 
of the findings in this field is that there may be changes in the 
ageing process in perinatally malnourished animals. Protein 
deficiency during the life of an animal has been shown to extend the 
life span and delay the onset of age-related changes in metabolism. 
On the other hand, as Roeder and Chow (1972) have pointed out, many 
of the abnonnalities shown by refed perinatally malnourished animals 
cquld be explained by an accelerated ageing process. Responses such 
as reduced resistance to stress and infection and increased catheptic 
activity in kidney (Roeder & Chow, 1969) are related to ageing. This 
theory could be tested by serial examinations throughout the lifespan 
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of experimental animals of a wide range of metabolic processes known 
to be age-dependent. 
Future research might also extend the studies of hormone 
production and enzyme activity and inducibility. It has been shown 
by Zeman (1970) that enzyme activity in the tissues of neonatal 
offspring of protein-deficient darns is severely depressed compared 
to that in contro l neonates but it is not clear whether this merely 
reflects delayed development. A similar study, including estimat es 
of enzyme inducibility, in the refed adult progeny would be 
interesting. Another area open to investigation is tha t of hormone 
production and the sensitivity of cells to circulating hormon e since 
at least growth hormone synthesis and concentration in the pituitary 
are depleted in perinatally malnourished animals. Other hormones 
under the control of the adenohypophysis might prove a profitable 
subject for study. 
2. The Relevance of Animal Studies to the Human Situation 
Animal work in this area bears a direct relationship to an 
existing human problem and there has been a tendency to extend the 
results of animal experiments to man. The advantages of animal 
research are manifold. A study can be preplanned and factors such 
as sex, age, weight or genetic background,controlled. Experiments 
can be carried out on large numbers of animal~ and the availability 
of multiple litters allows comparison of the effects of different 
treatments on siblings. A single deficiency can be studied in 
isolation and the experiments can be stopped at any appropriate 
point. Much tissue, not obtainable from the living child, can be 
readily acquired and radioactive isotopes which may not be safe to 
use in children can be used for in vivo studies. 
However, there are many factors to be taken into account when 
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extrapolating the results of these animal experiments to other species, 
including man. Much apparent conflict of evidence is due to the use 
of different species and from the multitude of recorded observations 
it is only too easy to select data with bias to support preconceived 
ideas. Considerations such as the following should govern attempts to 
generalize from animal studies. 
(a) Maternal-Foetal Size 
Many animals must contribute to their offspring, tissue-
building material equal to a very much larger proportion of their 
own body weight than does the human. This is especially so when 
multiple births are the rule. In the rat, for example, total foetal 
weight is approximately one-third the weight of the mother whereas 
in the human it approximates one-eighteenth. The phys iological 
implications of such morphological differences cannot be neglected. 
(b) Interval between Pregnancies 
In many laboratory animals, especially mice, rats and rabbits, 
often used in dietary experiments, pregnancies occur in rapid 
succession. Often, also, gestation is measured in days as opposed 
to the months of human development. This is in keeping with the 
relatively much higher rate of metabolism and food requirement of 
smal ler animals. Maternal reserves, required for foetal development , 
especia lly essential items, in short supply at the best of times, 
might therefore be more readily exhausted in these animals leading 
to permanent changes in the foetus. In this respect, the larger 
domestic anima ls such as sheep may have some advantages. 
(c) Types of Placentation 
In the large, domestic animals, the period of gestation 
approaches that of the human but conditions for transplacental transfer 
are not really comparable. Diffusion across a semi-permeable 
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membrane is less important in these animals because of the number of 
intervening tissue layers (Figure 7-I). Nutrition derived from the 
secretion of the uterine mucosa is more important, but may , like the 
secretion of milk, be related more to the maternal economy than the 
needs of the foetus. In primates and rodents , the more direct 
relationship with the maternal bloodstream may allow the foetal 
tissues to compete more directly and perhaps more effectively for 
consti tuent s in the maternal blood. 
(d) Growth Patterns 
Rats, pigs, dogs, monkeys and chickens are frequently used for 
nutrition and growth studies but some of these animals, such as the 
rat, grow more rapidly than the human child. In some ways, this is 
an advantage, but it means that food requirements are greater . 
Figure 7-II shows the relative growth rate of the pig, rat and man 
during the first year of life. To make the species comparable, all 
subsequent weights are related to a birth weight of unity. The rat 
is normally weaned at 3 weeks of age and reaches puberty at 6-7 weeks. 
Its total life span is only some 3 years. The availability of protein 
to rats and man in early life, which may be presumed to mirror their 
requirements, can be appreciated from the table below. 
Human 
Rat 
TABLE 7-I Composition of Milk 
Protein (g/l OOg) 
1. 2 
12.0 
Calories/lOOg 
69 
245 
(from Widdowson, 1968) 
All ' these factors must be taken into account when assessing 
the human imp lications of animal nutrition and growth studies. 
Further, it should be remembered that, in man, protein or calorie 
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deficiency is almost invariably associated with deficiencies of 
vitamins, minerals and possibly fat, which do not occur und e r properly 
planned experimental conditions. Nevertheless, results from an imal 
studies such as those reported in this thesis may indicate profit able 
areas for human research. 
3. Human Groups at Risk 
Research into the effects of maternal nutrition on the p rogeny 
is relevant to a variety of human situations. A recent repo rt from 
the United Nations Food Progrannne Committee (1972) estimated that 
there were approximately 170 million undernourished pregnant women 
and pre-school children. This figure includes not only population~ 
in under-developed countries but also the low socio-economic groups 
of the relatively wealthy Western World. Offspring of smoking mothers 
are also at risk. Maternal smoking has been shown to be related to 
reduced birth weight. The entire distribution of birthweight is 
shifted downwards, the mean reductions from a variety of studies 
varying from 150-280 grannnes (Goldstein et al., 1964; Lowe, 1959; 
MacMahon et al., 1965). The reduction is not due to shortening of 
gestation (Abernathy et al., 1966; Ontario Perinatal Mortality 
Study Committee, 1967; Russell et al., 1966) but has been attributed 
to constriction of the uterine vessels leading to a reduction in the 
food and oxygen supply to t he fo etus (Lowe, 1959; Herriot et al., 
1962). No follow-up studies have been reported in such chi ldren . 
In wealthier communities, overfeeding is a greater nutritiona ~ 
problem than undernutrition and there is evidence to suggest that 
maternal overfeeding can also produce deleterious metabolic and 
morphologic effects in the offspring. Davis, Hargen and Chow (1972) 
showed that offspring of mice fed a high sucrose diet during gestation 
and lactation not only showed a difference in growth rate but also in 
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glucose tolerance. The progeny of sucrose-fed dams were consistently 
heavier than control rats despite a normal or reduced food consumpt ion 
in postnata l life; they also exhibited high blood glucose levels and 
a greate r lag in the decline of blood glucose levels following a 
glucose load. 
Overfeeding in early life in the rat can also permanently 
increase the number of adipocytes an d possibly increase the potenti al 
for obesity (Knittle & Hirsch, 1968). Evidence also exists for a 
similar mechanism in man, as overwei ght mothers produce heavy babie s 
with a tendency to obesity in later life (Widdowson, 1955; McKeown & 
Record, 1957; Committee on Nutrition, 1967). 
Although the results of animal experiments cannot be 
transferred in their entirety to the human situation, many of the 
I 
abnormalities shown by perinatally malnourished animals have been 
demonstrated in man and the size of the problem is such that further 
animal and human research in this field is of considerable importanc e. 
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GENERAL SUMMARY 
In this thesis it has been shown that rats fed a protein-
deficient diet for two weeks before conception and during gestation 
exhibit reduced fertility and produce litters of pups which are 
reduced in number and of low birth weight. The pups show a high 
mortality rate and low weight for age which persists into adult life. 
Low body weight was assoc iated with reduced cell numbers in all organs 
studies but reduced cell size only in adipose t issue, thymus and 
spleen. Body composition was normal in male offspring until the 
age of twelve weeks but body fat, expressed as a percentage of body 
weight, was found to be significantly lower than that of controls in 
30 week old female progeny. Some of these morphological changes 
persisted into a second generation. Calorie deficiency alone during 
gestation had similar but very much less marked effects. The stunting 
of growth in progeny of protein-deficient dams (test progeny) was 
associated with normal food intake but abnormally high and anomalous 
urinary nitrogen excretion. Test progeny also exhibited an impaired 
ability to incorporate the amino acid glycine into liver and muscle 
protein in vivo and in vitro and into epididymal adipose tissue 
in vivo. This suggests that decreased protein anabolism may be partly 
responsible for low growth rates of test progeny but it does not 
exclude the possibility of increased protein catabolism. 
Adipose tissue morphology was severely affected by protein 
deficiency in utero but lipogenesis per adipocyte was found to be 
normal in chow-fed test progeny. However, because of reduced adipocyte 
n~mbers, total adipose tissue metabolism was also reduced. Stimulation 
of the adipocyte lipogenic mechanism by fructose feeding did not 
increase in vivo or in vitro lipogenesis to the same extent in test 
progeny as in control rats, suggesting that either cell membrane 
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transport mechanisms or the enzymes of the lipogenic pathway in 
adipocytes of test progeny cannot be activated to the same degree as 
in normal rats. In vivo and in vit ro liver lipogenesis per cell was 
found to be similar in control and test progeny but this was 
associated with a normal hepatocyte size in test animals. 
Another aspect o f lip id metabolism that has be en assoc i ateu 
with body fatness or weight is cholesterol turnover. Although the 
cholesterol pool sizes were found to be smal l in test progeny, as 
compared to controls matched for weight or age, no differences in 
any dyn amic aspect of turnover were fo und. 
Earlier studies with similar test progeny had shown an 
inability to react efficiently to stress and impaired protei n 
synthesis. These findings were supported by the results of a study 
of the immune response in test progeny. The cell-mediated respons ~; 
lymp uoc yte production and immunological memory) reactions that depend 
on rapid protein synthesis, were significantly impaired in test 
progeny. This was associated with s evere atrophy of the thymus and 
spleen. 
Thus, offspring of rat dams rendered protein-deficient in 
gestation exhibit a range of morphological and metabolic abnormalities 
which persist into adult l ife. 
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